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ABSTRACT
CHEMICAL MODIFICATION OF POLYMERS AND PROPERTIES OF
FUNCTIONALIZED POLYMERS
SEPTEMBER 1997
ZHAOHUI SU, B.S., XIAMEN UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Shaw Ling Hsu and Professor Thomas J. McCarthy
The work presented in this thesis is divided into four chapters. Chapter I
describes the control of the crystallization behavior of syndiotactic polystyrene (sPS) by
chemical modification of sPS using sulfonation. In Chapter II, preparation of wood-
ceramic composites through sol-gel processes is described. Chapter III describes the
end-functional ization of polyethylene oxide)s (PEOs), and the interfacial properties of
the functionalized PEOs. Finally, the distribution of chain conformation of PEO in the
liquid state is discussed in Chapter IV.
Direct sulfonation of highly stereoregular syndiotactic polystyrene (sPS) has
been accomplished in chloroform. The degree of sulfonation can be effectively
controlled. The crystallization behavior of sulfonated sPS is considerably different than
the unmodified polymer. The crystallinity and the crystallization kinetics of sPS
decrease with increasing extent of modification.
Wood-ceramic composites were prepared by introducing a ceramic component
into pine, a softwood, through sol-gel processes. Several ceramic precursors,
including SiCU, Si(OCH3)4, and CH^SiCl^, were used. The ceramic content
introduced into the wood structure can be controlled by varying the reaction time and
the moisture content of wood. The modification of wood by CH3SiCl3 in supercritical
vii
C02 penetrated the entire wood structure, generating a macroscopically uniform
distribution of the ceramic component in wood.
Samples with one or both ends of monodisperse PEO functionalized with
perfluorodecanoyl groups (PEOF or PEOF2 ) were synthesized and blends of these end-
capped PEOs with PEOs of the same molecular weight (M n -2000 - -16000) were
prepared as cast films. Due to the lower surface energy of the fluorocarbon end
groups, the modified PEOs preferentially adsorb to the free polymer surface. The
surface concentration of the perfluoroalkyl end groups was measured by XPS which
indicates that perfluoroalkyl chain ends adsorb to the polymer surface in a reasonably
close-packed fashion (at all molecular weights) and leave a zone depleted of fluorine
immediately beneath the highly fluorinated surface region. There is only a slight effect
of molecular weight on surface fluorine content indicating a "stretched brush"
conformation for the higher molecular weight samples. The adsorption of these
polymers at the air-water interface was studied as well. The packing density and the
orientation angle of the fluorinated chain end segregated at the interface were assessed
by external reflectance IR.
Isotropic Raman spectra of PEO in aqueous solution and in the melt were
simulated by superposing calculated spectra resulting from a series of normal
coordinate calculations performed for an ensemble of conformers, and compared with
the corresponding experimental results. The conformational distribution for
poly(ethylene oxide) in the molten state favors the tgg' conformer, and the aqueous
solution of poly(ethylene oxide) contains mostly tgt conformers. The results for PEO
were supported by measurements and computations made using 1 ,2-dimethoxyethane
as a model.
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CHAPTER I
INTRODUCTION
Chemical modification of polymers provides a simple and powerful way to
produce materials with different, typically desired properties, such as enhanced thermal
stability, biological resistance, particular physical responses, compatibility,
degradability, flame resistance, impact response, flexibility, rigidity, etc. It is the only
way to obtain materials derived from natural polymers, such as cellulose and starch, or
polymers with no available monomer, poly(vinyl alcohol) for example.
The properties of a material depend on its molecular structure and morphology,
therefore by means of appropriate controllable modifications it is possible to obtain a
new material with desired properties. Scheme 1.1 shows this general strategy.
Morphology Properties
Structure
Chemical
Modification
Scheme 1 . 1 General approach obtaining a new material through chemical
modification.
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The main body of the research described in this thesis involves chemical
modification of polymers and the study of the properties of the modified polymers.
Chapter II describes the modification of wood, a natural polymeric material, to generate
an interpenetrating network of wood and ceramics. Chapter III involves control of
interfacial properties of polymers through end-functionalization, in which a water-
soluble polymer, polyethylene oxide) (PEO), was functionalized, and the interfacial
properties of the modified PEOs were investigated. The interest in PEO led us to a
further study of the structure of this polymer in the disordered state, which is the
composition of Chapter IV, where we try to understand the distribution of chain
conformations of PEO in the liquid state. And finally, in Chapter V we demonstrate
that bulk properties of a polymer can be controlled by incorporation of ionic groups to
polymer chains; the crystallization behavior of syndiotactic polystyrene (sPS) is altered
by chemical modification of sPS by direct sulfonation.
A variety of techniques have been used in this work. Vibrational spectroscopy
is a powerful technique which is capable of providing information of local structure of
polymers in the bulk or at interfaces. It was applied to material identification (Chapters
II, III, IV), to characterization of structures of polymers adsorbed at the air-water
interface (Chapter III) and in disordered states (Chapter IV), and in the study of the
phase transition of sulfonated syndiotactic polystyrene (Chapter V). X-ray
photoelectron spectroscopy provided most of the surface analysis data discussed in this
thesis, including the distribution of ceramic in wood-ceramic composites (Chapter II),
and the surface composition and structure of blends of PEO and end-functionalized
PEO (Chapter IV). A detailed description of this technique is included in Chapter rV.
Through the research described in this thesis, it will be demonstrated that both
interfacial properties and bulk properties of polymers can be significantly altered by
even very small changes in their chemical structures.
2
CHAPTER II
PREPARATION OF WOOD-CERAMIC COMPOSITES
THROUGH SOL-GEL CHEMISTRY
Overview
Wood-ceramic composites have been prepared by introducing a ceramic
component into pine, a softwood, through sol-gel processes. Several ceramic
precursors, including SiCl4 , Si(OCH3 )4 , and CH3SiCl 3 , were used. The reaction
kinetics of dry or hydrated wood with Si(OCH3 )4 under both acidic and basic
conditions were investigated. It was found that the ceramic content introduced into the
wood structure can be controlled by varying the reaction time and the moisture content
of wood. The modification of wood by CH3SiCl 3 was carried out with pyridine as
catalyst in both a conventional solvent, methylene chloride, and supercritical carbon
dioxide. The reaction in supercritical CO2 was able to penetrate the entire wood
structure, generating a macroscopically uniform distribution of the ceramic component
in wood. The reaction was found to occur on the surface and in the amorphous region
of the cell wall polymer, without penetrating deeply into the crystalline cellulose. The
composites were found to retain the basic original geometry with up to 40% weight
gain as a result of the modification. The mechanical properties of the material become
more isotropic. The thermal degradation temperature of the composite is essentially the
same as that of virgin wood.
3
Introduction
Wood Modification
Wood has been used extensively throughout human history, especially as a
preferred building and engineering material, due to its great inherent advantages which
we still appreciate today. It is readily available, renewable, strong and aesthetically
pleasing. The renewable nature of wood insures that with proper forest management,
the supply of raw material to industry can be indefinite. It is known, however, that
wood has several undesirable properties. It is flammable, dimensionally unstable, and
biodegradable. It has high strength along the grain direction, but its mechanical
properties in the radial and tangential directions are relatively weak. These all adversely
affect its performance as a engineering material.
Most of the physical properties and applications of wood depend on its
microscopic and sub-microscopic structure. Wood is largely composed of dead and
hollow cells which are fibrous in form. The alignment of the cells along the grain
(growth) direction is responsible for the high anisotropy of wood properties. From a
chemical perspective, wood tissue, including cell walls and intercellular substance, is a
polymer composite. The basic structural material of wood cell walls is cellulose, a high
molecular weight linear polysaccharide, which accounts for 40-50% of the dry wood
weight. 1 Scheme 2.1 shows a partial structure of a cellulose chain. The other two
major components are hemicelluloses, which are branched lower molecular weight
polysaccharides that serve as a matrix substance for the cellulose superstructure, and
lignin, a highly branched, three-dimensional high molecular weight polyphenolic
network that interpenetrates both cell walls and intercellular regions and is responsible
for the mechanical strength of wood. While lignin is generally considered to be
essentially hydrophobic, both cellulose and hemicelluloses are hygroscopic, due to the
4
abundant hydroxyl groups on these molecules. As a result, wood tissue will seek to
maintain an equilibrium moisture content with the surrounding atmosphere through
either loss or gain of moisture. Because water can swell the cell wall polymer, the
volume of the wood changes with its moisture content and thus the relative humidity of
the environment. The mechanical properties of wood also depend on the amount of
water in its structure.
Scheme 2. 1 Partial chemical structure of cellulose
The properties of wood can be improved through chemical modification of the
wood cell wall polymers. Most of the research involves the reaction of hydroxyl
groups on cellulose, hemicellulose, and lignin. 2 By blocking these sites, wood tissue
becomes partially or completely swollen and less hygroscopic. When in contact with
water, very little additional swelling can take place. Also after chemical modification,
the structure of the cell wall polymer becomes unrecognizable to the highly selective
enzymes of microorganisms which can degrade wood.
In the modification of whole wood, it is critical that the reagent penetrate the
wood structure in order to access the reactive sites.2 In many cases a catalyst or a
solvent that can cause the wood to swell can be used to facilitate the penetration of the
treating agent. The reaction must be carried out at temperature at or below 1 20 °C
under neutral or weak basic conditions to avoid significant degradation. 2 The treating
agent must be reactive to the hydroxyl groups of the wood components. Depending on
the treating agent used, various chemical bonds can be formed between the wood
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component and the reagent, among which ethers, esters, and acetals are the most
common ones. The ester linkage can be formed by treating the wood with acetic
anhydride, 3 " 8 ketene gas,9" 1
1
acid chlorides, 12 and carboxylic acids. 13 - 14 The ether
linkages are more stable and can be generated by the reaction with dimethyl sulfate, 15
alkyl chlorides, 16
" 19 and epoxides. 20"24 While all other reactions are all single sited,
the treatment by epoxides can produce graft epoxy chains, as shown in Scheme 2.2.
A I
Wood-OH + R-CH-CH2 Wood-0-CH,-CH-OH
An R-CH-CH2 f
Wood-0-(CH 2-CH^ OH
Scheme 2.2 Reaction between wood hydroxyl groups and epoxides can lead to graft
polymers.
Another type of wood treatment involves filling void spaces in the wood by
forming wood-polymer composites.25,26 The vinyl monomers, such as methyl
methacrylate and f-butylstyrene, are impregnated into wood voids, and the
polymerization is initiated by either y-radiation or azo or peroxide initiators. Other
modifications of wood include infusion of wood with inorganic salts for wood
preservation and protection against weathering.
Sol-Gel Chemistry
The sol-gel process has been used extensively in preparing low temperature
ceramics27
"36 and inorganic-organic hybrid materials. 37
"41 With the flexibility of the
large variety of precursors that can be chosen and low reaction temperatures, it provides
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a method for combining inorganic and organic components at the molecular level, and
can allow real molecular design of the final materials that can lead to controlled
nanostructures. 29 '34 ' 35
Generally sol-gel processes involve a series of hydrolysis steps followed by
condensation steps, which can be catalyzed by either acid or base. As shown in
Scheme 2.3, the alkoxides, such as Si(OR)4 , which are most commonly used for this
process, are converted to metal oxide ceramics through hydrolysis and condensation:
Si(OR)4 + H20 (HO)Si(OR) 3 + R-OH
(HO)Si(OR) 3 + H20 =^5s= (HO)2Si(OR)2 + R-OH
(HO)2Si(OR)2 + H20^^ (HO) 3Si(OR) + R-OH
(HO) 3Si(OR) + H20 Si(OH)4 + R-OH
— Si-OR + HO-Si— — Si-O-Si— + R-OH
— Si-OH + HO-Si— — Si-O-Si— + H-,0-S
Scheme 2.3 A typical sol-gel reaction scheme using Si(OR)4 as an example
Other ceramic precursors include metal formates and metal halides. In general,
these ceramic precursors can react with hydroxyl groups and water to generate ceramics
at room temperature, therefore the sol-gel process provides a viable synthetic route to
wood-ceramic composites.
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Supercritical C02 as Solvent
To facilitate the reaction within the wood structure, a solvent that can penetrate
the cell wall polymers must be used. Supercritical fluids (SCFs) are the fluids at the
state where temperature and pressure are higher than their critical values. The interface
between gas and liquid phases disappears and the two phases become one continuous
phase. SCFs have the unique feature that the solvent power can be readily regulated by
changing the pressure and the temperature.42 Although supercritical fluids possess a
liquid like density, their transport properties of viscosity and diffusivity are similar to
that of a gas. In addition, supercritical fluids have zero surface tension, allowing facile
penetration into microporous materials. Because of this unique balance of properties,
supercritical fluids have been used as solvents in the preparation of polymer-wood
composites.43
In this investigation, several synthetic routes to wood-ceramic composites
through sol-gel processes are described. Three ceramic precursors, SiCl4, Si(OCH3)4,
and CH3SiCl3, were used to react with pine wood chips which were extracted with
solvents to remove small molecule components prior to reaction. The reaction kinetics
of dry or hydrated wood with Si(OCH3)4 under both acidic and basic conditions were
investigated. The modification of wood by CH3SiCl3 was carried out with pyridine as
catalyst in both a conventional solvent, methylene chloride, and supercritical carbon
dioxide. The reaction time and the moisture content of wood were used to control the
extent of modification. The composites prepared were analyzed by gravimetric analysis
and spectroscopic techniques to determine the amount and distribution of ceramic in
wood. The thermal stability of the composite material was investigated by TGA.
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Experimental
Materials and Methods
Ethanol (Fisher, HPLC grade) was used as received.
Methanol (Fisher, HPLC grade) was used as received.
Benzene (Aldrich, HPLC grade) was used as received.
Diethyl ether (Fisher, Spectranalyzed grade) was used as received.
Phosphorus Pentoxide (Fisher, A. C. S. Reagent grade) was used as
received.
Silicon Tetrachloride (Aldrich, 99%) was used as received.
Methylene Chloride (Fisher, Spectranalyzed grade) was used as received.
Hydrogen chloride (Aldrich, anhydrous, 1 .0 M solution in diethyl ether)
was used as received.
Sodium Methoxide(Aldrich, 25 wt% in methanol) was used as received.
Tetramethoxysilane (TMOS) (Aldrich, 99%) was used as received.
Trichloromethylsilane (TCMS) (Aldrich, 99%) was used as received.
Pyridine (Fisher, A. C. S. Reagent grade) was used as received.
Preparation of Clean Wood by Extraction. In a soxhlet extractor, pine
samples of dimensions 15 x 15x2 mm and 20 x 15x2 mm were extracted with
ethanol/benzene (2: 1 volume ratio) for two days. The extraction solvent was then
switched to diethyl ether. Extraction with diethyl ether was carried out for two days.
The wood samples were then extracted with boiling water for 8 hours. The chips were
dried in a vacuum oven at 100 °C over P2O5 for 24 hours. These wood pieces were
subsequently stored in a desiccator over P2O5. The weight lost of wood during this
whole procedure was around 10% to 20%.
Hydration of Pre-dried Wood. The clean wood chips were exposed to
water vapor at room temperature for various lengths of time to absorb the desired
amount of water. The moisture content was determined by gravimetric analysis.
Reaction of Dry Wood with SiCl4 . In an oven-dried, nitrogen-purged
Schlenk vessel, a piece of dry wood (previously extracted for one day with reaction
solvent methylene chloride and vacuum dried) was placed. A 1M solution of silicon
tetrachloride (0.8 mL) and methylene chloride (7 mL) was prepared in an oven-dried,
nitrogen-purged graduated Schlenk tube. This solution was cannulated into the vessel
containing the wood sample. After three days reaction time, the silicon tetrachloride
solution was cannulated out of the vessel. The vessel was then opened and the reacted
wood was immediately transferred to a soxhlet apparatus. The wood was extracted
with methylene chloride for one day to remove unreacted silicon tetrachloride. Solvent
was removed from the wood via vacuum at 60 °C for one day. The sample was stored
under nitrogen in a vial. Wood was also reacted with silicon tetrachloride and dimethyl
dichlorosilane with diethyl ether as solvent according to this procedure.
Reaction of Hydrated Wood with SiCl4. In an oven-dried, nitrogen-
purged 100 mL round bottom flask was placed a piece of hydrated wood. After sealing
the vessel with a septum, approximately 50 mL of a 2M solution of S1CI4 in methylene
chloride was introduced into the vessel via cannula. After 24 hours reaction time, the
SiCU solution was cannulated from the vessel and dry methylene chloride was added to
remove excess SiCl4 from the surface of the wood. After 1 hour of soaking, the wood
was transferred to a soxhlet extractor and extracted with methylene chloride for 24
hours. The wood was then vacuum dried ca. 80 °C for 24 hours. The sample was
weighed and stored under nitrogen in a vial.
Reaction of 10% Hydrated Wood with TMOS. The hydrated wood
with 10% moisture content was reacted with Si(OCH3)4 for various lengths of time at
room temperature. The reactions were catalyzed with either NaOCH3 or HC1, with the
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catalyst concentration of 0.05 M. Methanol was used as the solvent. In the base-
catalyzed reaction, 1.0 M and 5.4 M concentrations of reagent were used, while in the
acid-catalyzed reaction, the concentration of the Si(OCH3 )4 was 5.4 M. The chips
were rinsed with methanol and cured under vacuum at 105 °C for 24 hours.
Reaction of Hydrated Wood with TMOS. Wood chips were exposed to
water vapor at room temperature for various lengths of time to absorb the desired
amount of moisture. Four hydrated wood chips with the same water content were
treated at room temperature with 5.4 M Si(OCH3 )4 in methanol with 0.05 M HC1 as
catalyst in a 100 mL round bottom flask with a side-arm under nitrogen. The reaction
time was 50 min. The chips were rinsed with methanol and cured under vacuum at 105
°C for 24 hours.
Reaction of Wood with TCMS in MeCl2 . Two dry wood chips (20 x
15x2 mm) were put into one chamber of a reaction vessel which had two separated
chambers. The vessel was flushed with nitrogen and then evacuated and filled with
nitrogen again both before and after the wood chips were loaded. Forty mL of a MeCl2
solution of TCMS/pyridine was cannulated into the other chamber of the vessel. The
concentration of TCMS was 4M and that of pyridine 1M. (Figure 2.1) The system was
degassed by freeze-pump-thaw cycle for three times. The solution was then allowed to
flow into the other chamber where the two wood chips were and the chips immersed
into the solution. The pressure was then increased by charging the vessel with nitrogen
to atmosphere. The reaction was allowed to proceed for various amount of time, and
then the solution was removed by cannula. Dry MeCl2 was introduced into the reaction
vessel to rinse the chips 3 times, and then the chips were dried under vacuum for 2
hours at -125 °C. The mass was determined and the chips were quenched with
distilled water. The wood was then dried at -125 °C for 10 hours under vacuum. The
same procedure was adopted for the reaction of hydrated wood with TCMS in
methylene chloride.
1
1
Reaction of Wood with TCMS in Supercritical C02 . One wood chip
(25x10x2 mm) was sealed in a stainless steel vessel. The vessel was filled with
nitrogen to -1500 psi to detect possible leaks. The pressure was released, and 0.31 ml
(0.3 g, 3.8 mmol) pyridine and 0.47 ml (0.6 g, 4.0 mmol) TCMS was introduced into
the vessel by syringe. The system was pre-heated in a bath at 40.0 °C for 15 minutes.
The vessel was charged with CO2 of 40.0 °C temperature and 1640 psi pressure. The
amount of CO2 was around 6 g determined by weight difference. The reaction was
then carried out at 40.0 °C for various time length, and was terminated by draining the
CO2. The system was evacuated for 0.5 hour to remove the TCMS residue. The chip
was then heated at -125 °C under vacuum for 2 hours to remove the pyridine and its
hydrochloride salt. The weight of the chip was obtained and it was quenched with
distilled water. The sample was subsequently dried under vacuum at -125 °C for 10
hours.
12
to Vacuum Pump
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to Nitrogen Line
Teflon Stopcock
Ground Joint
Solution
Glass Grid
(weight)
Wood Chip
Figure 2. 1 Experimental set-up for the reaction of wood with TCMS in methylene
chloride.
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Analytical Techniques
Infrared (IR) samples were prepared as KBr pellets of the wood powder. The
spectra were collected on an IBM 38 FTIR spectrometer at 2 cm" 1 resolution with 256
co-added scans.
Thermogravimetric Analysis (TGA) was performed on a DuPont TGA
2950 Thermogravimetric Analyzer under either air or nitrogen flow with a heating rate
10 °C/min.
Scanning Electron Micrographs (SEM) were obtained on a JEOL 100CX
scanning electron microscope at magnification of 400x. A thin gold layer (-100 A) was
sputter coated onto the sample prior to examination.
X-ray Photoelectron Spectra (XPS) were recorded on a Perkin Elmer
Physical Electronics 5 100 spectrometer using Al Ka radiation (1486.6 eV) at 400W
power and 15 kV at a pressure range 1
0
_K
- 1
0
-9 Torr. Spectra were acquired at a 75
0
takeoff angle (between the sample plane and detector). The sensitivity factors used
were Cis 0.201, Si2p 0.217, 0] s 0.540.
Elemental Analysis was provided by the Microanalysis Lab at the University
of Massachusetts.
Wide Angle X-Ray Diffraction (WAXD) data were acquired on a
modified Siemens D-500 diffractometer using Cu Ka radiation from a seal tube
equipped with a nickel filter.
Results and Discussion
There are two categories of wood, known commercially as softwoods and
hardwoods, which are distinguished scientifically by whether their seeds are borne
naked or in a fruit structure, instead of their actually physical hardness. Softwoods are
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simpler in structure than hardwoods. The distribution of softwood cell is
macroscopically more homogeneous.44 Therefore we chose pine, a softwood, for our
study.
The composition of wood is complicated. Besides the three major components,
cellulose, hemicellulose, and lignin, extraneous materials exist in wood. In order to
start with a material whose composition is relatively stable, so that experimental results
from different samples can be compared, it is desirable that the small molecule
"impurities" in wood be removed. No single solvent can completely extract all of these
materials. Thus, multi-solvents are used to "purify" wood. Ether is used to extract
fats, resins, oils, sterols, and terpenes. Ethanol/benzene is more polar than ether and
extracts ether-solubles plus most of the organic materials insoluble in water. IR spectra
of the components extracted with these solvents are shown in Figure 2.2 and 2.3. Hot
water extracts some inorganic salts, low molecular weight polysaccharides (e.g. gums
and starches), and certain hemicelluloses 45
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The extraction process resulted a net 10-20% weight loss. In addition, the
drying process via vacuum oven over P205 proved to be highly efficient. Differential
scanning calorimetry was performed on the wood before and after extraction/drying.
The nonextracted wood revealed an endotherm at 3 °C while the extracted/dried wood
showed no endotherm. Furthermore, upon an attempted azeotropic removal of any
additional water with benzene, no further weight loss was observed. Thus, we are
fairly confident that the water content within the wood is slight to none. It has been
known that the water content of the wood can significantly affect wood modifications.2
This important parameter can be controlled by varying the time of exposure of the dry
wood to saturated water vapor in a sealed vessel. Table 2.1 lists the dependence of
moisture content of wood samples on the time of exposure to water vapor.
Table 2. 1 Dependence of hydration of dry wood on exposure time to saturated water
vapor at room temperature.
Exposure Time (hr) 0.25 0.50 1.00 1.5-2.0
Weight Gain 2.4% 5.0% 7.0% 10%
Modification with SiCU
The results of the chemical modification of dry wood with silicon tetrachloride
using methylene chloride and diethyl ether as solvents are recorded in Table 2.2 as
percent weight gain of wood.
The results tabulated in Table 2.2 show that not only did siloxane formation
occur, but it took place to a greater extent in methylene chloride. This shows that
methylene chloride is a better solvent that diethyl ether, probably due to its higher
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polarity. Reaction of wood with dichlorodimethyl silane in methylene chloride yielded
no weight gain. This probably was a result of the decreased reactivity of
dichlorodimethyl silane compared to SiCl^
Table 2.2 Percent weight gain of dry wood after reaction with SiCl4 in diethyl ether
and methylene chloride at different concentrations.
Concentration of SiCl/i
Solvent 1.0M 0.7M 0.4M 0.1M
CH2C12 10% 10% 12% 7%
Et20 5% 6.2% 7% 7%
The reaction of hydrated wood with SiCU in methylene chloride yielded
different weight gains depending upon the extent of hydration of the wood. Figure 2.4
shows a plot of the mass uptake of wood chips with various moisture content. This
plot reveals an increased percent weight gain of wood with increasing amounts of water
in wood prior to reaction with SiCl4. Because of its high reactivity, SiCLj can react
readily with both the water and the hydroxyl groups of wood structure. The reaction is
fast and complete. And since the Si-Cl bond reacts with the wood hydroxyl groups
rapidly, the connection between the cellulose and the ceramic is more efficient.
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Figure 2.4 Dependence of weight gain on the moisture content for wood chips treated
with 2M SiCU in methylene chloride.
An FT-IR spectrum of a thus produced composite material was compared with
that of a plain wood in Figure 2.5. It shows two bands of interest: 3500 cm" 1 and
1 100 cm" 1 . The increased intensity at 1 100 cm-1 is indicative of Si-0 bond
formation.46 The increase at 3500 cm-1 gives evidence of silanol formation. In this
instance, SiCU may have reacted with wood, but some of the Si-Cl bonds may have
hydrolyzed to Si-OH.
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Figure 2.5 IR spectra of (A) a SiCLj treated wood sample and (B) an unmodified wood
sample.
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X-ray photoelectron spectroscopy (XPS) was used to measure silicon content
within the wood. XPS showed no detectable silicon content in the untreated, extracted
wood (Figure 2.6). In the wood modified with silicon tetrachloride, silicon content
varied from 3% to 12% depending on reaction conditions and sampling position.
Higher silicon concentration was found at the surface compared to the center of the
wood chip. This indicates that the reaction is affected by the diffusion of the reactant
through the wood cell structure. No chlorine was found in any case, indicating the
complete conversion of Si-Cl bond to Si-0 bond. An XPS survey spectrum of a
treated wood sample is included in Figure 2.6.
Binding Energy (eV)
Figure 2.6 XPS survey spectrum of the surface of a untreated (top) and a SiCU-treated
(bottom) wood sample.
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A decrease in thermal stability, compared with unmodified wood, of the
composites thus prepared is observed by TGA. The neat wood shows the highest
degradation temperature (Td) of all samples. This lowering of Td with SiCl4 modified
samples may be a reflection of degradation of wood by the by-product HC1. This
degradation effect appears to override any thermal stability provided by siloxane
formation. In addition, the hydrated wood samples appear darker in appearance than
the non-hydrated samples after reacting with SiCl^ This may be a sign that more
degradation occurs with increased reaction with SiCU.
In order to avoid the degradation of wood structure by HC1 generated in the
reaction, an acid scavenger has to be used to neutralize the acid. S1CI4 is so reactive,
however, that it is difficult to find a simple and readily available base which it doesn't
react with. For example, it forms a white complex with pyridine instantly (Scheme
2.4). Therefore, SiCU is not suitable for making wood-ceramic composites.
Scheme 2.4 Reaction of silicon tetrachloride with pyridine.
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Modification with Si(OCH3)4
Tetramethyl orthosilicate (TMOS) is highly hydrolyzable with no potent
degradation reactant given off as a by-product when reacting with hydroxyl groups.
The hydrolysis of tetramethoxysilane, being the most reactive one in its family, is very
slow and incomplete without any catalyst. For the wood samples with moisture content
from 0% to 10%, the weight gains are practically the same, which are very low at
around 1%. Thus in order for this reaction to work, a catalyst must be used.
It is well known that ceramic can be produced through the hydrolysis of
tetraalkoxysilane and the subsequent condensation of the thus-formed silanol, and this
whole process can be catalyzed by either acids or bases. It has been found that in the
acid-catalyzed reaction, the hydrolysis step is very fast, and the condensation is slow
and rate-determining, while in the base-catalyzed process, the hydrolysis is slow and
the condensation is rapid.47 In order to determine the optimum reaction condition, we
performed the sol-gel chemistry of tetramethoxysilane under both acidic and basic
conditions in the wood substrate which contains 10% moisture. To drive the
condensation to a higher extent, the TMOS-treated wood was cured in a vacuum oven
at 105 °C to further condense the silanols. The weight gain of the 10% hydrated wood
chip under basic condition is plotted against the reaction time in Figure 2.7.
For the base-catalyzed process, it can be seen in Figure 2.7 that with higher
concentration of the tetramethoxysilane, the reaction goes much faster, and the weight
gain is much higher. A 15% mass uptake can be achieved in about 3 h when the
concentration of TMOS is 5.4 M, while with 1 M reactant concentration, it takes -16 h
to obtain 5% weight gain. Since TMOS and water are not miscible, however, it is
crucial that an alcohol be used as a mutual solvent for TMOS, water and the catalyst
sodium methoxide. Methanol is a good solvent for all three components, and the use of
methanol can avoid the complexity of the alkoxy exchange between the solvent and the
24
TMOS. Thus a 4: 1 volume ratio ofTMOS to methanol, which yields a TMOS
concentration 5.4 M, was chosen so that the concentration of the reagent was high, yet
the sodium methoxide remained in the solution. It can be observed from the plot that
when the reaction time is less than 100 minutes, the weight gain increases with the
reaction time, and after about 100 minutes, the weight gain levels off at about 14%.
Therefore for the sample we used in this study, 200 minutes is sufficiently long for the
reaction to go to completion. It can also be seen from the weight change of the control
samples (no TMOS added) that the degradation of the wood chip due to the basic
condition, though exists, is very small.
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Figure 2.7 Extent of modification of 10% hydrated wood by TMOS under basic
condition (0.05 M NaOCH 3 ) in methanol.
The plot of weight gain verse the reaction time of the acid-catalyzed reaction
is
shown in Figure 2.8. It can be observed that the extent of the reaction
reaches a plateau
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region in less than 30 minutes. Compared with the reaction in basic condition, the acid-
catalyzed process is much faster, and the reaction goes to higher extent. Since the
following step is the curing, in which the wood chips were dried at 105 °C under
vacuum, under this condition, the residual HC1 catalyst was easily removed, while in
the base-catalyzed modification, the residual sodium methoxide has to be removed by
solvent extraction. Also in the short time period, the weight loss of the wood chip due
to the degradation by acid, as being shown by the control reaction, is minimum, less
than 1 %. Thus the acid appears to be a better catalyst for the modification of wood by
TMOS.
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Figure 2.8 Extent of modification of 10% hydrated wood by TMOS under acidic
condition (0.05 M HC1) in methanol.
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To investigate the effect of moisture content on the formation of wood ceramic
composite, wood samples hydrated to different extents were treated with 5.4 M TMOS
in methanol with 0.05 M HC1 as catalyst, and the extent of modification as a function of
moisture content of the wood is plotted in Figure 2.9.
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Figure 2.9 Extent of modification by TMOS under acidic condition (0.05 M HC1) in
methanol as a function of moisture content. Two types of symbols represent two
different batches of reactions.
It was found that for the dry wood sample, there is essentially no mass uptake.
This indicates that there is no direct reaction between the TMOS and the wood hydroxyl
groups, i.e. the alkoxy exchange reaction is either too slow or thermodynamically
unfavorable under the reaction conditions. For the hydrated wood, however, in the
presence of HC1, TMOS can hydrolyze and condense to form ceramic. It can be
observed in Figure 2.9 that the amount of ceramic generated increases when there is
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more water in the wood structure. Therefore the water content of the wood can be used
to control the composition in the preparation of wood-ceramic composites.
To assess the composition of the ceramic generated, composites were ground
into powder and were analyzed by infrared and elemental analysis. Figure 2.10 shows
the 800-1800 cm" 1 region of the IR spectra of several composites with different ceramic
content. The increase in the band intensity at around 1 100 cm" 1 region obviously is due
to the addition of ceramic, whose Si-0 stretching occurs in this region, overlapping
with the C-O-C vibrations of wood polymers. It can also be observed that a new band
is introduced at -840 cm-1 that increases with ceramic content; this can be assigned to
the Si-O-C symmetric stretching of the Si-0-CH3 units. The presence of this band
indicates that the hydrolysis and condensation of TMOS in wood is not complete.
The elemental compositions of these samples are listed in Table 2.3. The
silicon content in the composites is plotted against the amount of ceramic incorporated
in the composite material in Figure 2.1 1. A linear relationship was observed with a
slope of 0.32, showing that the ceramic component contains 32% of silicon by weight.
As a comparison, silicon content is 46.7% for a fully crosslink silicon oxide network
(SiC>2), 33.7% for a crosslink Si-0 network with one unhydrolyzed OCH3 group
remaining on each Si, and 26.4% for linear poly(dimethoxysiloxane)s. These numbers
indicate that the ceramic component incorporated into wood structure through the
modification by TMOS is a partially crosslinked network, which is consistent with the
IR result discussed above.
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Figure 2. 10 The 800- 1 800 cm- 1 region of the IR spectra of composites with different
ceramic content: from top to bottom, A32 (15.90%), A28 (13.84%), A10 (9.1 1%), A6
(3.74%), and untreated wood (0%).
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Table 2.3 Elemental composition of an untreated wood sample and several composites.
Sample Weight Gain
(%)
Ceramic Content
-
—
* - — (wt%)
1 + Weight Gain v '
Elemental Composition (%)
C% H% Si%
Wood 0 0 49.77 6.13 <0.1
A6 3.88 £ 3.74 48.52 6.06 1.0
A10 10.02 9.11 46.81 6.01 2.8
A28 16.06 13.84 44.89 5.67 4.4
A32 18.90 15.90 43.90 5.71 5.2
Figure 2. 1 1 Silicon content in the composite as a function of weight fraction
of ceramic
component.
30
Modification with CHsSiCb
Although TMOS can be used as a ceramic precursor to generate wood-ceramic
composites, it is not as reactive as silicon halides. Its hydrolysis is relatively slow and
incomplete, and because the transesterification of silicate is difficult at room
temperature, no weight gain observed for the dry wood when treated by TMOS,
indicating that there is little chemical bonding between the ceramic component and the
wood cell structure without the presence of water. SiCl^ on the other hand, reacts
readily with the hydroxyl groups in the wood and water, even at room temperature, but
the side product HC1 generated in this reaction in an organic solvent media degrades the
wood structure severely. Trichloromethyl silane (TCMS) gives a good balance of
properties. The Si-Cl bond is highly reactive to the hydroxyl groups, and a base such
as pyridine can be used in this system as an acid scavenger without reacting with
TCMS itself. Furthermore, since it is a trifunctional reagent, a crosslinked network can
be formed in the condensation process. Another advantage of using this compound is
that its methyl group remains throughout the modification and can serve as a
spectroscopic label. The reaction involved is shown in Scheme 2.5.
CH 3
Moisture
Wood-0-Si-Ov/\^
N
Scheme 2.5 Reaction of wood with trichloromethyl silane.
It was found that pyridinium chloride can be evaporated by heating it to > 120
°C under vacuum, therefore when the reactions were terminated, the wood chips were
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heated under vacuum to -125 °C to remove the residual TCMS, pyridine and the
pyridinium chloride. The chips were then quenched with distilled water to react with
the possible residual Si-Cl, whose Si was bonded with wood structure. The XPS
survey spectrum shown in Figure 2.12 indicates no presence of either chlorine or
nitrogen in the modified wood samples after these steps.
In bulk wood, accessibility of the treating reagent to the reactive sites is a major
consideration. To increase accessibility to the reaction sites, the chemical must
penetrate the wood structure. Penetration can be achieved by causing the wood
structure to swell. The swelling of wood by various organic liquids has been
studied.48 At room temperature, THF has a volumetric swelling coefficient that is 72%
of that of water, and twice that of methylene chloride.48 Pyridinium chloride is not
soluble in THF, however, and MeCl2 was chosen as the solvent.
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Figure 2. 1 2 XPS survey spectrum of the surface of a TCMS treated wood sample.
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In order to further facilitate the penetration of the reagents into the wood
structure, the reaction vessel was degassed by freeze-pump-thaw cycles to remove the
air from the wood vessels and cell lumens. The wood was weighted so that it didn't
float when the solution was introduced into the chamber where the chips were. After
the wood was covered with the solution, atmospheric pressure was regained by
admitting dry nitrogen into the evacuated vessel. This approach seems to improve the
extent of modification, as higher weight gains were achieved.
The Infrared spectrum of a modified wood sample is compared with that of a
clean, untreated wood sample in Figure 2. 13. It can be observed that the band at
around 1 100 cm-1 increases substantially after modification. This is attributed to the
Si-O-C and Si-O-Si asymmetric stretching.46 Two new bands can be seen in the
spectrum of the treated wood. The very strong sharp band at -1260 cm" 1 due to CH3
symmetric deformation,46 '49 and the absorption at -800 cm-1 region due to methyl
rocking and Si-C stretching,46 are the characteristics of the Si-CH3 group. No new
bands were observed in the low frequency 420-620 cm-1 region characteristic of the
Si-Cl group,46 indicating the complete hydrolysis of the Si-Cl unit, consistent with the
XPS results. In the high frequency region, it can be observed that the broad O-H
stretching band centered at 3400 cm-1 in clean wood shifts to higher frequency with
modification. This may be attributed to the conversion of some portion of the wood
C-O-H into Si-O-H, whose O-H stretching occurs at higher frequency than that of the
C-O-H. This suggests that the Si-Cl bonds have been converted into Si-0 bonds, and
that covalent bonding occurs between the ceramic component and the wood structure.
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(A) Composite
(B) Clean Wood
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers
Figure 2. 13 IR spectra of (A) a composite prepared by reaction of wood with TCMS,
and (B) unmodified wood.
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Figure 2. 14 shows the weight gain of dry wood determined for various reaction
times using this procedure. It can be seen that the weight gain increases with longer
reaction time to up to 5 days. For practical purposes, we chose 24 hours as the reaction
time for further study.
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Figure 2. 14 Weight gain of dry wood as a function of reaction time for modifications
by TCMS (4M TCMS/1M pyridine) in methylene chloride.
The effect of the moisture content of the wood on the extent of modification is
shown in Figure 2. 15. It was found that the higher the moisture content, the higher the
weight gain that occured. Since 3 freeze-pump-thaw cycles were carried out before the
reaction started, the pre-hydrated wood chips may lose some of their moisture content,
thus the exact amount of water retained in the wood chips was not clear and may vary
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from sample to sample. Nevertheless, this result suggests that the moisture content still
can be used to control the extent of modification.
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Figure 2. 15 Dependence of weight gain on moisture content of wood for modifications
by TCMS (4M TCMS/1M pyridine) in methylene chloride. ( o and A represent the
same sample before and after heated under vacuum at 125 °C for 10 h.)
To assess the macroscopic distribution of the ceramic component in the
modified wood thus prepared, the chip was split along the tangential plane into two
1mm thick plates, and X-ray photoelectron spectroscopy was used to assess the silicon
content at both the newly exposed center surface and the original surface of the chip.
a
The sampling depth of XPS technique is about 70 A under these experimental
conditions. The Si content found by XPS at the center of the wood chips is compared
with the overall ceramic content in the wood in Figure 2. 16.
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Figure 2. 1 6 Dependence of weight gain and the atomic concentration of Si at the center
of the chips analyzed by XPS on moisture content of wood for modifications by TCMS
(4M TCMS/1M pyridine) in methylene chloride.
The X-axis is the amount of water introduced into the wood samples prior to the
modification. It is found that at small mass uptake, the amount of silicon observed at
the center of the chip increases with the overall ceramic content. However, with more
and more ceramic component incorporated into the wood structure, the silicon content
at the center of the chips decreases. This suggests that the diffusion of the reactant into
the wood structure is hindered by the ceramic produced in the reaction. Because TCMS
is highly reactive to water, and is able to form an insoluble ceramic network by reacting
with water, further reaction, which is controlled by the diffusion of TCMS, is hindered
by the ceramic barrier generated in the reaction. As the moisture content in wood
increases, more ceramic can be produced through the reaction of water with TCMS,
and the amount of silicon in the composites should increase; on the other hand, the
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ceramic network generated becomes thicker and denser, and the diffusion of TCMS
through the structure is more difficult. As a result of the balance between these two
factors, the amount of silicon found at the center of the chips first increases with the
ceramic content, then decreases when more ceramic component is generated.
Supercritical CO2 has been widely used in polymer processing and
heterogeneous reactions.42 It is cheap, readily available, environmentally friendly, and
the critical condition is easily achievable. Its gas like transport properties and zero
surface tension facilitate the penetration of the wood cell walls by the treating agents, so
that the modification may be more uniform throughout. Figure 2. 17 plots the weight
gain as a function of the reaction time for the dry wood treated by TCMS in
supercritical CO2 with pyridine as the catalyst. It can be seen that the weight gain first
increases with reaction time, then levels off at around 20 hours at -40%. Based on this
result, 20 hours was chosen as the reaction time for further investigation. It also
indicates that the weight gain obtained by the reaction in supercritical CO2 for 20 hours
is comparable to that achieved in MeCl2 for 5 days. Therefore supercritical CO2
appears to be a better solvent than MeCl2 for penetration of the wood structure.
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Figure 2. 17 Weight gain as a function of the reaction time for the dry wood treated by
10 wt% TCMS in supercritical CO2 (1640 psi, 40 °C) with pyridine (5 wt%) as the
catalyst. ( O and A represent the same sample before and after heated under vacuum at
125 °Cfor 10 h.)
It is well known that accessibility of the hydroxyl groups of cellulose varies
depending on its morphology. It has also been suggested that in non-swelling systems
reaction begins at surfaces and in amorphous regions, and gradually proceeds into
tightly hydrogen bonded crystalline zones by a hydrogen bond "unzipping" process. 50
In the modification of dry wood, the weight gain increases with reaction time, and then
a plateau region is achieved at about 20 h with a weight gain around 40%, i.e. the
ceramic component in the composite is -30%. The X-ray diffraction of a modified
wood sample with this weight gain is shown in Figure 2.18. It is observed that the
composite material retains the same order structure as the unmodified wood sample.
This suggests that the reaction does not penetrate the cellulose crystalline region.
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Diffraction Angle 20
Figure 2. 1 8 X-ray diffraction of unmodified wood (bottom) and a composite with 30
wt% ceramic content (top) prepared by reaction in supercritical CO2.
The reaction for hydrated wood chips was also performed in supercritical CO2,
and the weight gain seems to have no dependence upon the moisture content under
these reaction conditions, as indicated in Figure 2.19. The reason may be that some of
the water absorbed by the wood was lost in the process of leak detection of the reaction
vessel, during which the wood chip was under 1500 psi nitrogen atmosphere and the
pressure was then quickly released. Another possibility is some of the moisture and
silane oligomers were dissolved in supercritical CO2 and reacted with TCMS in the
solution outside the wood. Small amounts of silicon oxides were observed on the
surface of the modified wood and the inner wall of the reaction vessel. This is an
indication of water desorption from the wood structure.
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Figure 2.19 Dependence of weight gain on moisture content of wood for modifications
by TCMS (10 wt%) in supercritical CO2 with 5 wt% pyridine catalyst at 1640 psi and
40 °C. ( o and A represent the same sample before and after heated under vacuum at
125 °Cfor 10 h.)
It was also observed for both the dry wood and the wood with 2% H2O content
that the chips retain their original shape and dimensions, chips with a higher percentage
of moisture deform during reaction although the basic geometry is still retained.
The macroscopic homogeneity of the distribution of the ceramic component in
the modified wood thus prepared (30 wt% ceramic content) was investigated by XPS.
The general features of the spectra, obtained from the center and the surface of the
sample, are essentially the same, with a silicon content ratio about 2 : 3
(center : surface), indicating that the distribution of the ceramic component is quite
uniform macroscopically. The two survey spectra are shown in Figure 2.20.
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Figure 2.20 XPS survey spectra of a composite sample with 30 wt% ceramic taken
from the center (top) and the outer surface (bottom) of the sample.
The TGA traces of analyses performed in both air and nitrogen atmospheres of
the treated wood sample with 30 wt% ceramic content are compared with that of
unmodified wood in Figure 2.21 and 2.22. It can be seen that in both cases, the
modified wood has essentially the same degradation temperature as that of unmodified
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wood, and the wood component of the composites degrades within the same
temperature range of that of the unmodified wood. In air at -350 °C, the clean wood
retains ~ 30% of its original weight, while the composites have around 50% residue.
Above 475 °C, the wood is completely degraded, while the composite still retains about
20% of its original weight, which obviously is due to the ceramic component
introduced by the modification.
Because the modification involves only the reaction with wood hydroxyl
groups, the basic chemical structure of wood polymers are retained and it is reasonable
that the thermal degradation temperature of the composites is essentially the same as
untreated wood. The ceramic component may, however, retard the degradation
process: this may be assessed by monitoring the thermal degradation of the specimen at
a constant temperature.
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Figure 2.21 TGA traces of (A) a composite with 30% ceramic content, and (B)
untreated wood obtained in air, with a heating rate 10 °C/min.
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Figure 2.22 TGA traces of (A) a composite with 30% ceramic content, and (B)
untreated wood obtained in nitrogen, with a heating rate 10 °C/min.
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Figure 2.23 shows scanning electron micrographs of clean wood, a composite
material with 30% ceramic content, and the residue of the composite material from the
TGA analysis. It can be seen that the cell wall of wood becomes thicker after
modification, and it is interesting to observe that the TGA residue of the composite
material retains the shape of the original sample, though the dimensions are smaller.
From the SEM photo it is apparent that the residue resembles the cell structure of wood.
All these indicate that the ceramic component distributes through the whole wood
structure. It covers the surface of wood cell wall, i.e. it forms a coating of the wood
structure, and also forms an inter-penetrating network with the cell wall polymers.
The hardness of the wood and the composites were examined by indentation
tests. The attempts were not very successful, however, because the samples are too
soft for this kind of test, and the porous nature of wood and its rough surface made
accurate measurements next to impossible. The dimensional stability of the composites
was also investigated by measuring the volumetric swelling coefficient. The specimens
that we had were too small to observe significant swelling by water. The introduction
of the crosslinked ceramic network into wood structure makes it more isotropic as we
found in a crack propagation test. Unlike untreated wood, which can be easily split
along the grain direction, the composites split along an arbitrary direction.
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Figure 2.23 Scanning electron micrographs of an unmodified wood sample (top) and a
composite with 30% ceramic content (bottom).
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Figure 2.24 Scanning electron micrograph of the TGA residue of a composite with
30% ceramic content.
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Conclusions
Three ceramic precursors have been used to prepare wood-ceramic composites.
SiCl4 reacts fast with both wood cellulose and absorbed moisture, but because of its
high reactivity, a simple base that it doesn't react with cannot be found, and the wood
structure is degraded by the reaction by-product, HC1. Modification of hydrated wood
by TMOS was carried out under both acidic and basic conditions. The acid-catalyzed
reaction goes much faster and to higher extent. The composition of the composites can
be controlled by the amount of moisture introduced prior to the reaction. There is little
chemical bonding, however, between the ceramic and the wood cell structure. TCMS
appears to be a better candidate as ceramic precursor. It hydrolyzes rapidly to generate
ceramic, and reacts readily with wood cellulose hydroxyl groups to form covalent
bonds between the wood and the ceramic component. With pyridine being used as an
acid scavenger, the by-product HC1, which can degrade wood cell wall polymers, is
eliminated. The modification was carried out in methylene chloride and supercritical
CO2. The reaction in supercritical CO2 is much faster than in methylene chloride, and
the extent of modification is higher. XPS indicates that the distribution of the ceramic
component is quite uniform macroscopically throughout the whole wood chip. In the
wood structure, the ceramic component covers the cell wall to form a layer of coating,
and penetrates the amorphous region of the cell wall to form an interpenetrating
network. The crystalline region of the cell wall cellulose remains basically unchanged
as indicated by the reaction kinetics and X-ray diffraction study. The composites
produced have essentially the same thermal degradation temperature as plain wood.
They are more brittle due to the introduction of ceramics, and the mechanical properties
appear to be more isotropic.
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CHAPTER ni
ADSORPTION OF END-FUNCTIONALIZED POLY(ETHYLENE OXIDE)S
Overview
The surface composition and interfacial properties of multicomponent organic
polymers can be significantly different than those of the bulk. Polymer surfaces can
reconstruct in response to environmental changes to minimize (or lower) interfacial free
energy by segregating their low surface energy components at the interface. Samples
with one or both ends of monodisperse polyethylene oxide) (PEO) functionalized with
perfluorodecanoyl groups (PEOF or PE02F) were synthesized and blends of these end-
capped PEOs with PEOs of the same molecular weight (Mn -2000 - -16000) were
prepared as cast films. As-cast and annealed samples were analyzed by X-ray
photoelectron spectroscopy (XPS) and contact angle analysis. XPS analysis was also
performed on samples at elevated temperatures (melts). Due to the lower surface
energy of the fluorocarbon end groups, the modified PEOs preferentially adsorb to the
free polymer surface. The surface concentration of the perfluoroalkyl end groups was
measured by XPS which indicates that perfluoroalkyl chain ends adsorb to the polymer
surface in a reasonably close-packed fashion (at all molecular weights) and leave a zone
depleted of fluorine immediately beneath the highly fluorinated surface region. The
dependence of adsorption on temperature was investigated for one sample and
adsorption appears to be slightly favored at lower temperatures. PE02F samples are
found to have a slightly higher surface affinity than PEOF of the same molecular
weight. There is only a slight effect of molecular weight on surface fluorine content
indicating a "stretched brush" conformation for the higher molecular weight samples.
The adsorption of these polymers at the air-water interface was studied as well. The
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packing density and the orientation angle of the fluorinated chain end segregated at the
interface were assessed by external reflectance IR.
Introduction
Adsorption of Polymers
Adsorption of polymers to various interfaces has long been a subject of
fundamental interest, and is of critical importance to many practical applications such as
adhesion, lubrication, and stabilization of colloidal particles. 1 "7 Extensive research on
polymer adsorption, including both theoretical and experimental work, has been
reported in the past several decades. 8
' 15 Because of the large size of polymer
molecules, the adsorption phenomenon of polymers is much more complicated than that
for small molecules.
The adsorption of a polymer chain to a surface involves the displacement of one
type of molecule or polymer segment originally at the interface by another. The
thermodynamics of this process depends on three important interactions, as depicted in
Figure 3.1: the polymer-surface interaction ( Up), the solvent-surface interaction
( Ug ) , and the polymer-solvent interaction which is defined by Flory-Huggins theory
as % parameter. The following equation describes the energy change in the adsorption
process,
X s =fU
a
s -U|-xVkT (3.1)
where %s is the adsorption energy.
16 " 19 Compared to an unrestricted chain in solution
under theta conditions where the conformation can be described as random walks,
which results in a Gaussian distribution with sufficiently long chains, the adsorbed
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chains don't enjoy such degree of freedom. For an adsorbed chain, half of the space is
inaccessible because of the restriction of the rigid wall, and this results in less possible
conformational states for the adsorbed chain, and therefore lower conformational
entropy, compared to a free chain in the bulk. As a result, for a chain to adsorb, the Xs
must be positive, and greater than a critical value, %sc , so that it can compensate the
entropy penalty. 18,19
77777777777777777777777777777777777777777
Surface
Figure 3. 1 Schematic illustration of the interactions involved in polymer adsorption.
An adsorbed polymer chain can be considered as an assembly of tails, loops,
and trains, as illustrated in Figure 3.2. Tails are the sections extending into the bulk
with one end anchored to the surface, the non-adsorbed chain ends, while trains consist
of the segments which directly attach to the surface, resulting in a flat conformation,
and a loop is the bridging section between two trains, which also extends into the
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solution from the surface. It is obvious that the energetic contribution (&) arises only
from the train segments, while loops and tails contribute wholly to the entropy of the
adsorption. The conformation of adsorbed chains can be described in terms of the
partition functions for trains, loops, and tails, which in turn depend on the molecular
weight of the chain, and the adsorption energy %s .
Figure 3.2 Schematic representation of the conformation of an adsorbed homopolymer
chain.
An adsorbed polymer layer is often described in terms of the adsorbed amount
(O, the bound fraction or train fraction (p), and the adsorbed layer thickness (8h). The
adsorption isotherms, the dependence of the adsorbed amount on the equilibrium
solution concentration are often used to characterize the adsorption.
Block Copolymer Adsorption
In studies of block copolymer adsorption, the system is usually designed by
selecting appropriate block components and/or solvent and substrate, so that one block
(A block) is preferentially adsorbed. The adsorbing block (A block) which has higher
adsorption affinity and preferentially interacts with the substrate, adsorbs to the
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substrate (as trains) to anchor the polymer chain, and the other block (B block) which
preferentially interacts with the solvent, extends out into the bulk solution (as loops and
tails) as the buoy block. 15 The adsorption depends on the surface affinity of the
blocks, the molecular weight, and the composition of the copolymer.
The adsorption (surface segregation) of end-functionalized polymers is the
simplest case of block copolymer adsorption, where the adsorbing anchor block is the
functional chain end, the length of which can be considered one repeat unit. By
incorporating a surface active functionality at one or both ends of a polymer chain, the
polymer will terminally adsorb, or graft, to a substrate. Depending on the grafting
density of the chain, defined as the average distance D between the grafting points, and
the adsorption affinity of the chain segments, three types of structure can be observed.
They are depicted in Figure 3.3. When the grafting density is low (i.e. D is much
greater than R
g ,
the radius of gyration of the chain), the polymer chains with non-
adsorbing segments (i.e. %s < %sc ) assume a mushroom structure, where the coils
extend into the solution at the order of 2Rg , while in the case of adsorbing chains (%s >
%sc ), the chain segments also interact with the substrate and the polymer coils collapse
to form pancake structures. At high grafting density however, the adsorbed chains
overlap with each other, and the repulsion between chain segments force the chains to
stretch and extend beyond their unperturbed dimension in the direction perpendicular to
the surface into the solution to form polymer brushes. In this case the following
relationship has been predicted by scaling theory,
L = Nac^ (3.2)
where L is the thickness of the adsorbed layer, N is the number of monomer units in
the chain, a is the length of each monomer unit, and a is the grafting density.
20
-
21 Thi:
56
equation indicates that in the polymer brush regime, the layer thickness is proportional
to the chain length, and this has been verified experimentally. 22^
^7777777777777
(a) mushroom (b) pancake
777777777777777,
(c) brush
Figure 3.3 Three possible structures of terminally adsorbed chains: (a) mushroom
(D>2Rg, non-adsorbing surface), (b) pancake (D>2Rg , adsorbing surface), and (c)
brush (D<2R
g).
^
Polymer Surface Reconstruction
Because of preferential adsorption, the surface composition and interfacial
properties of multicomponent organic polymers can be significantly different than those
of the bulk. Polymer surfaces can reconstruct in response to environmental changes to
minimize (or lower) interfacial free energy by segregating their low surface energy
components at the interface. This phenomenon has been observed in homopolymers,
modified homopolymers, copolymers and polymer blends and has been reviewed
previously. 27
"29 Monodisperse end-functionalized polymers and block copolymers
have proven to be useful model systems to study surface segregation; element and/or
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isotope labels that are sensitive to appropriate analytical techniques can be conveniently
incorporated into well-controlled polymer structures. The preferential segregation of
polymer chain ends at surfaces and interfaces has been observed by external reflection
infrared spectroscopy, 30 fluorescence spectroscopy,31 surface tension,32 -33 X-ray
photoelectron spectroscopy,34 "36 and neutron reflectometry. 36 -37 Several groups have
recently shown that perfluoroalkyl groups which are incorporated into polystyrene are
surface-active. 36 -38-42 X-ray photoelectron spectroscopy, contact angle and other
techniques indicate a surface excess (over the bulk) of fluorine due to the adsorption
(surface segregation) of the low surface energy fluorocarbon at the polymer-air
interface. Similar results using poly(dimethylsiloxane) as the surface-active component
have been described 43
Poly(ethylene oxide) is soluble in water. It has been used extensively in
industry as a nonionic surfactant and a lubricant. The homopolymer PEO was found to
adsorb to the surface from its aqueous solution,44 49 and has been used as a polymeric
surfactant.50 The surface activity of poly(ethylene oxide) can be enhanced by
incorporating hydrophobic units into PEO chains.5153 It has been shown that PEOs
with hydrophobic chain ends demonstrate significantly different properties both in the
solution54
"56 and at the air-solution interface. 30 57
In this chapter, the results of surface analyses of blends of perfluorodecanoyl-
modified poly(ethylene oxide)s (surface-active polymers) with unmodified (alcohol-
terminated) polyethylene oxide)s (matrix polymers) of the same molecular weight are
described. Samples with perfluorodecanoyl groups at one chain end of polyethylene
oxide) (PEOF) and at both PEO termini (PE02F) were studied as well as the effects of
PEO molecular weight and temperature. The driving force for chain end segregation at
(adsorption to) the polymer-air interface is the reduction of surface free energy: PEO
exhibits a surface tension of 43 dyn/cm58 and a perfluoroalkyl surface should exhibit a
surface tension less than 20 dyn/cm (the surface tension of poly(tetrafluoroethylene) is
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18.5 dyn/cm ). Accompanying and opposing the adsorption of perfluorodecanoyl
groups is the unfavorable entropic contribution associated with PEO chain stretching
that must occur to concentrate perfluorodecanoyl groups at the surface. The surface
excess of perfluorodecanoyl groups should be determined by a balance between the
opposing forces of surface energy reduction (enthalpic) and chain stretching (entropic).
The entropic contribution should be molecular weight-dependent and we expect, a
priori, to be able to control fluorine content with surface-active polymer molecular
weight. The entropic contribution should also depend on temperature and one surface
active polymer was studied in this regard. The adsorption of these end-functionalized
PEOs at the air-water interface was studied as well with external reflection infrared
spectroscopy and surface tension analysis.
Experimental
Materials and Methods
Benzene (Fisher, HPLC grade) was distilled from CaH2.
Chloroform (Fisher, HPLC grade) was used as received.
Tetrahydrofuran (THF) (Aldrich, 99.9% anhydrous) was distilled from
sodium benzophenone dianion.
Toluene (Fisher, HPLC grade) was used as received.
Methanol (Fisher, HPLC grade) was used as received.
Nonadecafluorodecanoic Acid (FDA) (Aldrich) was used as received.
Pyridine (Fisher, A. C. S. Reagent grade) was distilled from CaH2-
Phosphorus Pentoxide (Fisher, A. C. S. Reagent grade) was used as
received.
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Triethylene Glycol Monomethyl Ether (MTEG) (Aldrich, 95%) was
dried over 3 A molecular sieves.
Perfluorodecanoyl Chloride (FDC). Under nitrogen purge, 25 g (-0.048
moles) of nonadecafluorodecanoic acid (FDA) and 3 1 .4 g (~0. 144 moles) of
phosphorous pentachloride were placed in a round bottom flask equipped with a
Teflon-coated magnetic stir bar and a reflux condenser. The flask was cooled to -0 °C
in an ice bath, -250 mL of benzene was added by cannula, and the solution was stirred
for -1 h. The ice bath was replaced with an oil bath, the solution was heated gently to a
slow reflux, and allowed to reflux overnight under nitrogen. The flask was cooled to
room temperature; the acid chloride precipitated. The supernatant was removed by
cannula and the acid chloride was redissolved in fresh benzene with gentle heating.
Recrystallization was repeated until the crystals were white and the supernatant was
clear. The residual benzene was removed by freeze-drying. The perfluorodecanoyl
chloride (yield 55%) was stored refrigerated under nitrogen. The reaction involved is
described in Scheme 3.1.
Scheme 3. 1 Synthesis of perfluorodecanoyl chloride.
Methyltri(ethylene glycol) Nonadecafluorodecanoate (MTEG ).
Under nitrogen purge, into a 250 mL round bottom flask with a side-arm equipped with
a Teflon-coated magnetic stir bar and a reflux condenser was charged by cannula 120
mL THF. Pyridine (2. 14 mL, 26.5 mmol) and MTEG (4.24 mL, 26.5 mmol) were
added by syringe. The flask was cooled in an ice-water bath to ~ 0 °C, and while the
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solution was stirred, 9.9 mL (14.52 g, 27.2 mmol) of pcrlluorodecanoyl chloride
(FDC) was added slowly via syringe. The ice-water bath was removed and the
solution was gently heated to 40 C. The solution was stirred at this temperati
overnight. The THF was removed using a rotary evaporator, and the mixture
filtered. The liquid portion was collected, and vacuum distilled (-50 mtorr, 100-102
°C). The final product (yield 70%) was stored under nitrogen. Scheme 3.2 shows the
reaction involved.
ure
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CH3-(OCH 2CH2)3 OH '
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Scheme 3.2 Esterification of MTEG
Poly(ethylene oxide) Diol samples were purchased from American
Polymer Standards Corporation and Polysciences.
Monohydroxyl Poly(ethylene oxide) samples were purchased from
Polymer Laboratories.
PEO Derivatizations. 1.0 g samples of monohydroxy or dihydroxy PEO
were dissolved under nitrogen in -30 mL dry THF with gentle heating in a round
bottom flask equipped with a Teflon-coated magnetic stir bar and a reflux condenser. A
-2-fold excess of perfluorodecanoyl chloride was added via syringe. The solution was
stirred overnight at 50-60 °C after which the solution was allowed to cool to room
temperature. The polymer was precipitated in -200 mL of hexane which had been
cooled to -0 °C using an ice bath. The polymer was collected by filtration, redissolvcd
in -15 mL of chloroform and the polymer solution was passed through a basic alumina
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(Aldrich, activated Brockmann I, standard grade) column (1x8 cm). The column was
washed with 100 mL of chloroform/methanol (4/1 v/v) and the solvent was removed by
freeze-drying. The polymer was dissolved in -30 mL of THF, precipitated in -200 mL
cold hexane, collected by filtration, and dried under vacuum.
Blend Sample Preparation. The PEOF/PEO blend samples were prepared
by dissolving the desired ratio of modified and unmodified PEO samples in chloroform
(-4 wt % solutions) and casting solutions on silicon wafers which were cleaned and
oxidized prior to use by submerging the wafers into a H2S04 (98%)/H202 (3:1 v:v)
solution for 30 minutes and then rinsing with distilled water. The volume of polymer
solution used was chosen to yield films with thicknesses of -8 u\m. The blends of
PEOF and deuterated PMMA (dPMMA) were cast on silicon wafers from - 4 wt%
toluene solutions to produce -8 (im thick films.
Analytical Techniques
Ultraviolet-Visible (UV-Vis) spectra were collected on a Perkin-Elmer \2
spectrometer equipped with a deuterium lamp source, with distilled water in the
reference beam. The polymer samples were dissolved in distilled water at - 1 mg/mL
concentration.
Elemental Analysis was provided by the Microanalysis Lab at the University
of Massachusetts.
lH Nuclear Magnetic Resonance ('H NMR) spectra were recorded at 200
MHz using a Bruker AC 200 Spectrometer. Samples were prepared as -5% solutions
in deuterated chloroform (Aldrich).
Gel Permeation Chromatograms (GPC) were recorded using THF as the
mobile phase on a GPC equipped with Polymer Labs Gel columns (pore size 103-106
A) and a Waters R403 differential refractometer. The flow rate was 1.0 mL/min. The
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molecular weights was calibrated using PEO standards purchased from Polymer
Laboratories.
Thin Layer Chromatography (TLC): Neutral alumina TLC plates
(Whatman) were purchased from Fisher. Plates were 250 urn thick alumina and 20 x
20 cm size. They were cut to size 7x2 cm, and heated (-200 °C) for several days
prior to use. After the plates were developed, they were exposed to iodine vapor to
visualize the samples.
X-ray Photoelectron Spectra (XPS) were collected using a Perkin-Elmer
Physical Electronics 5100 spectrometer equipped with a specimen heater controller
using Mg Ka (200 W, 15 kV) (achromatic) excitation. Spectra were acquired at both
15° and 75° take-off angles (between the sample plane and detector); samples were
exposed to X-rays for less than 10 min using pass energies of 89.45 eV and 39.75 eV
for survey and Ci s region spectra, respectively. X-ray damage (loss of fluorine
intensity) was not observed under these conditions, but was with longer acquisitions at
higher X-ray power. Atomic sensitivity factors were determined using samples of
known composition: Fi s , 1.000; Ci s , 0.250; Oi s , 0.660. The experimental set-up is
described in Figure 3.4.
Atomic Force Micrographs (AFM) were obtained on a Digital Instruments
Nano Scope Ilia atomic force microscope using the tapping mode. The TESP tips used
were etched silicon probes with a force constant of 20-100 N/m and a resonance
frequency of 310-389 KHz.
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Figure 3.4 The experimental set-up of the variable take-off angle XPS.
Contact Angle measurements were made with a Rame-Hart telescopic
goniometer using a Gilmont syringe with a 24-gauge flat-tipped needle. Hexadecane
was used as the probe fluid. Dynamic advancing (6a) and receding angles (9r) were
recorded while hexadecane was added to and withdrawn from the drop, respectively.
Infrared (IR) spectra were recorded on a Perkin-Elmer System 2000 FT-IR.
The resolution was maintained at 2 cm" 1 with 256 scans co-added for transmission
spectra. The reflectance spectra were collected on a Perkin-Elmer System 2000 FT-IR
spectrometer equipped with a narrow band MCT detector (Infrared Associates) using a
commercial external reflection cell (Specac Ltd.), with the incident angle 0 set at 30° in
all measurements. The cell was equipped with a grid polarizer (Graseby Specac) and a
removable Teflon trough. Figure 3.5 illustrates the experimental geometry. All
reflectance spectra were collected with s-polarization, which is parallel to the water
surface, by co-adding 5 12 scans at 4 cm" 1 resolution. The model compound MTEGF
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was dissolved in n-hexane and the concentration was 0.250 mg/mL. 8KPE02F was
dissolved in Milli-Q water (resistance 18.2 MQ) with a concentration 0.50 mg/mL.
The micro-syringe used was flushed with hexane several times before each film was
spread. Each film was allowed to stand for 15 minutes before measurements began.
Figure 3.5 Schematic representation of the external reflectance IR experimental set-up.
Differential Scanning Calorimetry (DSC) measurements were taken
using a Dupont 2910 Differential Scanning Calorimeter equipped with a nitrogen purge.
The heating rate was maintained at 20 °C/min. Melting temperatures were defined as
the peak minimum of the endothermic transitions.
Thermogravimetric Analysis (TGA) was performed on a Perkin-Elmer 7
Series Thermal Analysis System under either air or nitrogen flow with a heating rate 10
°C/min.
Surface Pressure Isotherms for insoluble monolayers were obtained on a
NIMA 61 1 (Coventry, England) Langmuir-Blodgett trough equipped with a
tensiometer which measures the surface tension by the Wilhelmy plate method using a
strip of 10 mm wide chromatography paper (Whatman's Chr 1). The sensitivity was
0. 1 mN/m. Milli-Q water (resistance 18.2 MQ) was used as a standard and its surface
incident
s polarization
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tension was set to be 72.8 mN/m. The material was dissolved in chloroform (0.655
mg/mL). 50 uX of the solution was spread on the water surface using a microsyringe
which was flushed with solvent and the solution 10 times each prior to use.
Compressions were begun 30 minutes after the solution was spread to allow the solvent
to evaporate. The compressions were step-wise at 25 cm2/min, and the layers were
allowed to relax after each step of compression.
Surface Tensions of polymer solutions were measured on a surface
tensiometer interfaced to a computer. The schematic illustration is depicted in Figure
3.6. The measurements were made at a constant temperature of 25 °C. The time-
dependent surface tension was measured by Wilhelmy plate method using a cover glass
slide (Corning Cover Glass No. 1 ). For the equilibrium values, solutions were allowed
to equilibrate for 2 h before the measurements were taken using a platinum-iridium Du
Nuoy ring (Fisher, #5430) of mean circumference 6.040 cm and with an R/r ratio of
54.107232. (R is the radius of the ring, and r is the radius of the wire.) The reported
values are an average of four measurements for each solution.
Neutron Reflectivity (NR). Blends of 16KPEOF and perdeuterated
poly(methyl methacrylate) (dPMMA) (Polymer Laboratories, MW = 57.5K) (25 wt%
16KPEOF) as 1 wt% toluene solution were spin coated on silicon wafers to obtain films
of approximately 1 150 and 2122 A (denoted PeoNRlOOO and PeoNR2000
respectively). These samples were annealed under vacuum at 1 10 °C for 5 h. They
were then examined with the NG7 neutron reflectometer at NIST. Using a scattering
length density of 4.00 x 10 10 cm2 for the fluorinated group, 6.00 x 10
9 cm2 for PEO,
and 6.68 x 10 10 cm2 for dPMMA, the reflectivity data were fit to various models using
a multislab model.59
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Figure 3.6 Surface tension apparatus.
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Results and Discussion
Synthesis
Model Compound
The methyltri(ethylene glycol) nonadecafluorodecanoate (MTEGF) was
synthesized and used as a model compound for end-functionalized PEOs. Its study
provides useful information for both the characterization and adsorption study of
PEOFs. Figure 3.7 shows the IR spectrum of MTEGF . The intense and sharp band at
1782 cm-1 is due to the C=0 stretching of the ester carbonyl. The absence of the O-H
stretching band at 3200-3500 cm-1 region indicates that the esterification of the MTEG
is complete. The *H NMR spectrum of MTEGF is included in Figure 3.8. The
resonance observed at 4.5 ppm is a characteristic of the perfluorodecanoyl ester.60
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Figure 3.7 1R spectrum of MTEGF .
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Figure 3.8 Proton NMR spectrum of MTEGF .
End-Functionalized PEOs
Five samples of reasonably monodisperse poly(ethylene oxide) (PEO) of
varying molecular weight were obtained from commercial suppliers and used without
further purification. Three of the samples contain alcohol functionality at both chain
ends and two are monofunctional (methoxy groups at one end and alcohols at the other
terminus). The molecular weight and polydispersity data (provided by the suppliers)
for these samples are shown in Table 3.1. The GPC trace of one of them, 8KPEO, is
included in Figure 3.9. Each of these samples was modified by reaction with
perfluorodecanoyl chloride to yield perfluorodecanoyl-terminated PEOs (surface active
polymers) (Scheme 3.3).
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Table 3. 1 The molecular weight and the polydispersity of the PEOs studied.
O til III ' I V Mivin Mw/Mn
3KpE02F 3100 1.06
8KpE02F 7720 * 1.04
15KpE02F 15260 1.18
2KpEQF 1900 1.05
16KpE0F 16350 1.02
_i I I 1 1 I—
18 20 22 24 26 28
Time (min)
Figure 3.9 Chromatogram of 8KPEO obtained on THF mobile phase GPC.
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Scheme 3.3 Derivatizations of PEOs
The samples are named using abbreviations where the superscript preceding
PEO indicates the molecular weight and the superscript following PEO indicates the
end-group functionality. Examples are 3KPE02F which describes aMn = 3000 PEO
containing perfluorodecanoyl groups at both chain ends and l6KPEOF which describes
a Mn = 16000 PEO containing one perfluorodecanoyl end-group.
In adsorption studies, it is critical that samples are free of impurities, especially
surface active ones. The end-functionalized PEOs were synthesized based on the
procedure developed in this group previously by Dr. Shoichet61 , with some noted
changes. In the previous study, pyridine was used in the preparation of PEOFs to
catalyze the esterification, and neutralize the HC1 generated. In order to drive the
esterification to completion, an excess amount of acid chloride was used. The extra
acid chloride that did not react with PEO would hydrolyze to generate FDA, and with
the presence of excess pyridine, the fluoro compound can exist as pyridinium salt. All
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of these compounds, FDA, FDC, and their pyridinium salt, are surface active, and
must be eliminated from the final products before they can be used in adsorption study.
When we first followed this procedure, the esterification was successful. After
the polymer was precipitated and dried however, the removal of the residual pyridine
and pyridinium perfluorodecanoate proved extremely difficult. Following the
procedure, the polymer was redissolved in THF, precipitated in hexane, and recovered
by filtration. The polymer was dried, and examined by UV-Vis. The UV-Vis
spectrum of a 8KPE02F sample purified by repeating this cycle for 5 times is included in
Figure 3.10. The absorbance at ~ 260 nm indicates the presence of pyridine in the
sample.
Our approach was to carry out the esterification without using pyridine catalyst.
Because both FDA and FDC are acidic, the residual portion can be removed by passing
the mixture solution through a basic alumina column, in which the FDA and FDC
would chemically bond to the column substrate and the polymer, on the other hand, can
be washed out with an appropriate solvent.
Thin layer chromatography (TLC) was applied to determine the best solvent for
eluting the polymer through the column. Figure 3. 1 1 displays the TLC data for 8KPEO
and 8KPE02F using basic alumina plates and various eluents. The PEO chains strongly
adsorbs to the alumina substrate even from good solvents such as chloroform and
THF, and a displacer, methanol, has to be used in order for PEO to elute. The best
result was achieved with a chloroform/methanol (4 : 1 v : v) mixture.
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Figure 3.10 UV-Vis spectrum of aqueous solution (~ 1 .0 mg/mL) of 8KPE02F
precipitated 5 times from THF solution.
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Therefore PEOF samples were purified by chromatography using basic alumina;
this procedure removes perfluorodecanoic acid that is present in unpurified samples.
Figure 3.12 shows IR spectra of 16KPEO, l6KPEOF before chromatography and
purified 16KPEOF
.
The absence of bands at 1729 (free acid) and 1693 cm-1 (acid
dimer) in the purified sample indicates that no perfluorodecanoic acid is present and
supports our contention that all fluorine in the sample is attached to polymer chain ends.
0.04
Wavenumbers
Figure 3.12 The carbonyl region of the IR spectra of (A) 16KPEOF before purification,
(B) 16KPEOF after purification, and (C) unmodified 16KPEO.
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The absence of perfluorodecanoic acid in all samples was confirmed by infrared
spectroscopy. The carbonyl regions of infrared spectra of the surface-active polymers
are included in Figure 3.13.
Figure 3.13 The carbonyl region of the IR spectra of (a) 3KPE02F
,
(b) 2KPEOF
,
(c)
8KpE02F (d) 15KpE02F and (e) 16KpE0F.
The composition of the samples prepared were measured by elemental analysis
(Table 3.2). The yields of esterification reactions and conversion data (% of alcohols
that react to form perfluorodecanoates) that was measured by elemental analysis,
infrared spectroscopy and proton NMR are reported in Table 3.3. The NMR data were
obtained by ratioing the integration values of the peaks at 54.5 (-CH20C(0)C9Fi9) and
83.7 (-CH2CH20-).60 An NMR spectrum of 8KPE02F is depicted in Figure 3.14.
The IR data were obtained by ratioing the absorbance values of the carbonyl (1781
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cm- 1 ) and CH2 stretching bands (2884 cm" 1 ) and assuming that the ratio of the bands in
the spectrum of 3KPE02F indicates a 95% yield (analytical data). The NMR data are not
uniformly consistent with the IR and elemental analysis data, and we suspect that the
NMR data is compromised by ratioing very small to very large integration data. The
reaction yields and end group conversions for these polymer modifications were not
optimized, as the samples were used to prepare blends with unmodified PEOs. The
compositions of blends of surface active polymer and matrix polymer (unmodified
PEO) were determined using the elemental analysis conversion data and we assume that
the unconverted PEO in the surface active polymer samples is identical to matrix
polymer. The PE02F samples contain a small amount (less than 10%) of
monofunctional (PEOF) polymer.
Table 3.2 The composition of end-functionalized PEOs measured by elemental
analysis.
Sample c% H% F%
3KpE02F 47.05 7.09 17.0
8KpE02F 50.80 7.87 7.9
15KpE02F 52.67 8.91 4.2
2KpE0F 50.38 8.10 8.8
16KpE0F 53.24 8.66 1.9
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Table 3.3 The yield of the esterification and the end functionality of PEOFs determinedby elemental analysis, IR, and NMR.
Sample
t? pQpfiAnIVCaLLlUIl
Yield (%)
Conversion (%)
Anal. IR NMR
3KPE02F 45 95 95 92
8KpE02F 33 94 94 84
15KpE02F 53 92 94 79
2KpEOF 58 53 58 49
16KpE0F 60 90 87 61
Figure 3.14 Proton NMR spectrum of 8KPE02F .
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Crystallization of PEOFs
Films of a 8KPEO and a 8KPE02F sample were cast from a dilute solution
(prepared by dissolving 4 mg of polymer in 0.5 mL chloroform (~ 0.5 wt%)) on a
glass slide (25 x 15 mm) and the polymers crystallized under same condition at room
temperature in a desiccator. The films were examined under an optical microscope
using a cross polarizer. The spherulites observed for these two samples were shown in
Figure 3.15. The diameters of the 8KPEO spherulites are 1-2 mm, while that of
8KpEQ2F spherulites 5-8 mm. The melting temperatures of 8KPEO and 8KPE02F were
determined by DSC. Figure 3.16 displays the DSC traces of the two polymer samples.
The end-functionalized PEO crystals melt at ~ 62 °C, which is lower than the melting
temperature of the unmodified PEO (70 °C). The comparison of the melting
endotherms of the two samples, 1 14.2 J/g for 8KPE02F and 181.1 J/g for 8KPEO,
indicates that the end-functionalized PEO sample exhibits lower crystallinity.
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Figure 3.15 Spherulites observed by optical microscope using cross polarizer of
8KPEO (top) and 8KPE02F (bottom).
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Adsorption at the PEO-Air Interface
Much of the data that we discuss below involves variable take-off angle X-ray
photoelectron spectroscopy (XPS). Spectra were recorded at two take-off angles: 15°
and 75° (between the plane of the film and the entrance lens of the detector optics).
Figures 3.17 and 3.18 show survey and Ci s region spectra, respectively, for 3KPEO
(75° take-off angle) and 3KPE02F (15° and 75° data) samples with thickness ~ 8 \tm
cast from ~4 wt% chloroform solution on silicon wafers. Spectra for 3KPEO (and all
other PEO samples) show no take-off angle dependence. The spectra for 3KPE02F
exhibit pronounced take-off angle dependence. XPS atomic composition data for
3KpEG2F are . 15 °. c 44 5% . Q 13 8%; F 41 ?% and 75 o. c 49 9% . Q 2QJ% _
30.0%. Equation 3.362 describes the attenuation of photoelectron intensity in solids as
a function of sampling depth (t), take-off angle (0) and electron mean free path (1)
where I0 is the number of photoelectrons that originate at depth t and I is the number of
photoelectrons emitted from the solid that have not been inelastically scattered.
I = I
oe^'"
0
(3.3)
This expression indicates that the 15° take-off angle spectra are representative of the
o
composition of the outermost ~1 1 A of the film sample (95% of the Cj
s
photoelectrons
detected originate in this region63 ). The 75° take-off angle spectra represent the
composition of the outermost -40 A (95% of the measured C ls photoelectrons are
ejected from this region63 ) and because the sensitivity of XPS decreases exponentially
with depth, 54% of the signal in the 75° spectrum is due to electrons originating in the
outermost 1 1 A. Spectra of all surface-active polymers (see below) exhibit a
pronounced take-off angle dependence (the atomic concentration of fluorine detected at
75° is about half that detected at 15°), indicating that the fluorine is confined to the outer
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tew angstroms of the film sample and that there is a > -35 A - thick zone beneath
fluorine-rich layer that is depleted of fluorine.
1000 800 600 400 200
binding energy (eV)
Figure 3.17 XPS survey spectra for: (a) 3KPEO (75° take-off angle), (b) 3KPE02F (75°
take-off angle), and (c) 3KPE02F (15° take-off angle).
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Figure 3.18 XPS C ls region spectra for: (a) 3KPEO (75° take-off angle), (b) 3KPE02F
(75° take-off angle), and (c) 3KPE02F (15° take-off angle).
A closer look at the XPS C[ s region of these two samples reveals that there are
two extra Ci s peaks in the spectra of
3KPE02F compared to that of 3KPEO (Figure
3.18). The one with the highest binding energy arises from the CF3 carbon in the
fluorinated chain end, while the one in the middle with binding energy ~ 293 eV is due
to the CF2 carbons. Careful deconvolution of the peak area results in a ratio of 1:8
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between these two peaks in all cases, including all the neat PEOFs and their blends,
which is in exact agreement with the stoichiometry of the chain end composition. Since
the XPS signals are depth-dependent, this result suggests that the depth profiles of the
CF3 and the CF2 units are the same, i.e. the fluorocarbon end groups, which generally
assume a helical structure, lie on the surface of the polymer film with their helix axis in
plane with the surface.
Room Temperature Adsorption Isotherms
Blends of end-functionalized PEO polymers and matrix polymers (unmodified
PEOs with the same degree of polymerization as the surface-active polymers) were
prepared by dissolving the desired ratio of polymers in chloroform (-4 weight %
solutions) and casting films on silicon wafers. The total mass of polymer used was
chosen to yield films with thicknesses of ~8 |im. Blends were prepared with
composition ranges varying from 0.005% to 100% surface-active polymer. The
polymer film samples (blends of all composition) crystallize as the solvent evaporates
and we note (qualitatively) that the surface active polymer affects crystallization
behavior. As the concentration of surface-active polymer increases, the number of
spherulites decreases and their size increases.
XPS spectra were obtained of blends in the forms of both as-cast films and film
samples that were cast from solution, annealed in a vacuum oven at 75 °C (above the
Tm of both components) for 2 h and cooled to room temperature. XPS indicates that
the surface composition of as-cast films does not change after annealing. Figure 3.19
shows plots of fluorine atomic concentration ( 1 5° and 75° take-off angle data) vs. the
concentration of 3KPE02F , 8KPE02F and ,5KPE02F in blends with PEO of the same
molecular weight as the surface-active polymer.
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Figure 3. 19 Plots of XPS fluorine atomic concentration vs. the concentration of
3KPE02F (top ) 5 «KPE02F (middle), and 15KPE0
2F (bottom), in blends with PEO of the
same molecular weight as the surface-active polymer (data obtained at room
temperature). The open (O) and closed (•) circles are data recorded at 15° and 75° take-
off angles, respectively.
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The take-off angle
- dependent data indicate that the perfluorodecanoate groups
concentrate in the outer few angstroms and leave a fluorine-depleted sub-surface zone,
as in the case of neat surface-active polymers. This stratification behavior is observed
in blends of all surface active polymers at all compositions.
The plots in Figure 3.19 resemble typical high affinity adsorption isotherms 15
that are seen for monodisperse polymers adsorbing from solution to a solution-solid
interface: high adsorption is observed at low concentration and a plateau is reached
indicating saturation of the surface. We view the surface reconstruction of these blends
that occurs during casting and/or annealing as polymer adsorptions from PEO or
PEO/chloroform solution to the polymer-air interface. In these cases the driving force
for adsorption is the lowering of surface free energy that occurs when
perfluorodecanoate groups concentrate at the free surface. As all perfluorodecanoate
groups are attached at PEO chain ends, the adsorbed polymer structure is that of chains
end-grafted to the free surface.
Contact angle analysis was performed on as-cast and annealed samples of
8KPE02F and gave further insight into the surface structure. A film sample prepared by
casting from chloroform solution exhibited a hexadecane advancing contact angle (9a)
of 46°. After annealing at 75 °C for 2 h and cooling to room temperature, 0a increased
slightly to 46.5°. Receding contact angles (8r) for the as-cast and annealed
8KPE02F
samples were 27° and 28°, respectively. 8KPEO exhibits contact angles of 9a/ 9r =
1070°. The 9a values compare with literature values
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of 45° for
poly(tetrafluoroethylene) (PTFE) and 72° for a monolayer containing -CF3 groups at
the surface. A sample of PTFE in our laboratory exhibited hexadecane contact angles
of 0a/ 9r = 4279°. These data indicate that the surface of
8KPE02F (as assessed by the
hexadecane probe fluid) is similar to PTFE, with perfluoroalkyl groups lying
reasonably close-packed at the surface exposing primarily CF2 functionality. This
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picture is consistent with the surface structure extracted from the XPS
spectra discussed previously. A model of this
Is region
view is shown in Figure 3.20.
5A
75A
Figure 3.20 A graphic description of a 8KPE02F chain adsorbed to the polymer-air
interface. The PEO chain must stretch to accommodate the geometric restriction
imposed by reasonably close - packed perfluoroalkyl groups at the surface.
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XPS data for 8KPE02F support the validity of this model; the 1 5° take-off angle
data indicate that the composition of the outermost 11 A is C43F410i 6 . We can
calculate the composition predicted by the model in Figure 3.20 using the structure of
the polymer and reasonable assumptions. If we assume that the outermost 5 A of the
sample is perfluoroalkyl groups (this is a reasonable analysis of the XPS data and the
approximate diameter of the cross-section of a perfluoroalkyl chain in an all trans
configuration), that the density of this layer is 2 g/cm3 and that both end groups are
adsorbed to the surface, the surface area occupied by a 8KPE02F chain is 156 A2 (a
single chain's "footprint"). Assuming a density of 1.1 g/cm3 for PEO, 14 -CH2CH20-
repeat units reside in the 6 A beneath this footprint that are assessed by XPS. The
composition of the outermost 1 1 A predicted by this analysis is C46F38O17, which is
very close to the observed composition. This analysis also indicates that the PEO chain
must be stretched in a brush conformation that extends -75 A. This is calculated
assuming a density of 1. 1 g/cm3 for PEO, a 156 A2 footprint and a chain of 175 repeat
units (Mn = 7700). The brush conformation accounts for the fluorine-depleted zone
observed by XPS.
Adsorption Isotherms of Blends in the Melt
Because of our concern that the crystallization of samples may affect the
structure and composition of the blend surfaces, it is desirable that the adsorption
isotherm data are acquired at a temperature which is high enough to melt the PEO
crystals and yet low enough that the polymers don't degrade. DSC analysis indicates
that all PEO, PEOF and PE02F samples have melting transitions at or below 70 °C, as
described in the previously in this chapter. The thermal stability of polymer samples
was assessed by thermogravimetric analysis and infrared spectroscopy. No mass loss
or changes in infrared spectra were observed after heating samples at 1 10 °C or lower
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temperatures. Mass losses and changes in the infrared spectra are observed at higher
temperatures. A TGA trace is included in Figure 3.2 1 of a 16KPEOF sample heated in
nitrogen at 10 °C/min heating rate from room temperature to 240 °C and then held at
that temperature for 2 h. The slight weight change observed at ~ 75 °C is due to the
loss of residual solvent. The polymer begins to lose mass at ~ 1 50 °C, and loses -3%
of its mass when held at 240 °C for 2 h.
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Figure 3.21 TGA trace of a 16KPEOF sample heated to 240 °C at 10 °C/min and held
at 240 °C for 2 h.
The carbonyl stretching regions of IR spectra of 16KPEOF with different thermal
histories are shown in Figure 3.22. It can be seen that additional carbonyl bands at
1722 and 1753 cnr 1 emerged in the infrared spectrum when 16KPEOF was heated at
130 °C for 1 h on a KBr crystal, while the ester carbonyl band at 1780 cm" 1 remained
unchanged. The additional bands are likely due to oxidation of the PEO backbone.
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Based on these results, we chose 90 °C as the temperature to conduct the XPS study of
the adsorption of PEOFs from the melt.
E
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Wavenumbers
Figure 3.22 IR spectra of 16KPEOF with different thermal history: (A) as cast, (B)
annealed at 90 °C 1 h, (C) annealed at 1 10 °C lh, (D) annealed at 130 °C lh, and (E)
annealed at 140 °C lh.
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Plots of XPS fluorine concentration vs. surface-active polymer concentration
(adsorption isotherms) for PE02F samples are shown in Figure 3.23. Analogous data
for PEOF samples are shown in Figure 3.24. This data was obtained after allowing the
blend specimens to equilibrate at 90 °C in the XPS analysis chamber for 45 min - 12 h.
Equilibration times were chosen based on kinetics experiments performed on samples
of different surface-active polymer concentration. Concentrated samples (> 10%
surface-active polymer) equilibrated in less than 30 min. Dilute samples (< 2% surface-
active polymer) equilibrated after 7-10 h at 90 °C. Concentrated samples (>10%) were
annealed for 45 min, dilute samples (< 5%)were annealed for 12 h and intermediate
concentration samples (5-10 %) were annealed for 2 h. The adsorption isotherms are
similar to those obtained at room temperature, reaching similar surface compositions at
the plateau values, but plateau surface-active polymer concentrations are higher
(-20%). A pronounced take-off angle dependence (more pronounced than room
temperature data discussed in the previous section) is observed in all systems. We
ascribe the less pronounced take-off angle dependence observed in spectra acquired at
room temperature to sample roughness due to the crystallization.
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Figure 3.23 Plots of XPS fluorine atomic concentration vs. the concentration of
3KpEQ2F (top) 9 8KPE02F (middle), and 15KPE02F (bottom), in blends with PEO of the
same molecular weight as the surface-active polymer (data obtained at 90 °C). The
open (O) and closed (•) circles are data recorded at 15° and 75° take-off angles,
respectively.
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Figure 3.24 Plots of XPS fluorine atomic concentration vs. surface-active polymer
concentration (adsorption isotherms) for PEOF samples: 2KPEOF(top), and 16KPEOF
(bottom). The open (O) and closed (•) circles are data recorded at 15° and 75° take-off
angles, respectively.
The fluorine content data for blend samples in the plateau region are
summarized in Table 3.4. The atomic concentration of the bulk of the polymer
samples, determined at the lower limit of the plateau concentration is included in this
table. The data indicate that all of the end-functionalized polymers are extremely
surface-active in PEO and that the surfaces of all of the blends above the plateau
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concentration are essentially fluoropolymer-like. The surface composition (and
structure) is only slightly dependent on molecular weight and only slightly dependent
on whether the surface-active polymer contains one (PEOF samples) or two (PE02F
samples) perfluorodecanoate groups. There is clearly a statistically significant greater
fluorine content in the surface regions of PE02F samples, but the differences are not
great enough to unambiguously determine whether PE02F samples adsorb with one (as
tails) or two (as loops) perfluorodecanoate groups at the polymer-air interface.
Table 3.4 Plateau values for fluorine atomic concentration of blends (90 °C adsorption
isotherms). (Notes: (a) take-off angle, (b)determined at the lower limit of the plateau
concentration, (c) ratio of 15° take-off angle fluorine concentration to bulk fluorine
concentration.)
Sample
Surface Cone.
15°
a
75°
a
Bulk
•
b
Concentration
Surface
Excess
3KpE02F 42% 24% 2.3% 19
8KpE02F 41% 20% 1.2% 36
15KpE02F 38% 18% 0.7% 57
2KpEOF 39% 21% 2.0% 19
16KpEOF 37% 17% 0.4% 95
These data also indicate that the PEO chains in all of the surface-active polymers
stretch to accommodate a reasonably close-packed arrangement of perfluoroalkyl
groups at the surface. The degree of stretching (brush extension) is essentially linear in
molecular weight, e.g. the 16KPEOF chains extend ~8 times as far as the 2KPEOF
chains. Figure 3.25 graphically depicts the conformation of these surface-active
polymers at the polymer - air interface.
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3KpEQ2F 8KpEQ2F
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156 A2
3oAn
75A
2KpEQF
78 A2
37A
16KpEQF
78 A2
148A
317A
Figure 3.25 Stretching required of PEO chains in surface-active polymers to adsorb to
the polymer-air interface. The rectangles are drawn assuming that both chain ends
adsorb in PE02F samples.
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The rectangles in the figure are 2-dimensional representations (cross sections)
of chain conformations drawn to indicate the extent of stretching required to
accommodate the perfluoroalkyl groups at the surface in a close-packed fashion. The
assumptions made are discussed above in the text concerning Figure 3.20. The
rectangles for PE02F samples are drawn assuming that both chain end perfluoroalkyl
groups adsorb with a 156 A2 footprint.
Temperature Dependence of Adsorption
In the introduction above we state that we expected to be able to control surface
fluorine content with PEO molecular weight due to the molecular weight - dependent
entropic contribution (chain stretching) to the adsorption free energy. The data in Table
3.4 indicate that, for these molecular weights, surface fluorine concentration is not
controlled by molecular weight. For the samples studied, the PEO chains extend as far
as necessary to accommodate a close-packed arrangement of perfluoroalkyl groups.
The enthalpic gain due to lowering surface free energy dominates in all cases studied.
In an attempt to demonstrate an entropic component to the adsorption, a variable
temperature XPS analysis of 16KPEOF (the sample most entropically taxed) was carried
out. Figure 3.26 shows surface fluorine content (both 15° and 75° take-off angle data)
as a function of temperature from 70 °C to 110 °C for the neat surface-active polymer.
The temperature range studied is limited by the crystallization that occurs at
temperatures lower than 70 °C and the thermal degradation that occurs at temperatures
above 1 10 °C (discussed above). The data show a small, but statistically significant
dependence of surface fluorine content on temperature indicating the existence of an
entropic contribution to the adsorption free energy.
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Figure 3.26 Plots of XPS fluorine atomic concentration vs. temperature for 16KPEOF .
The open (o) and closed (•) circles are data recorded at 15° and 75° take-off angles,
respectively.
Adsorption at the Surface of PEO/dPMMA Blends
In our study of adsorption of end-functional ized PEO, the adsorbed layer
thicknesses were deduced from XPS surface atomic composition. It is desirable that
the thickness of the interfacial region be assessed directly. Neutron reflectivity is a
powerful tool which is capable of providing information of interfacial regions with high
spatial resolution (below 1 nm) in the direction perpendicular to the interface.59,65
Because of the high spatial resolution associated with this technique (and generally for
reflectivity experiments) the substrate must be flat within several optical wavelengths
99
(i.e. several nm), and the polymer film normally is prepared by spin-casting a dilute
solution onto the substrate to achieve good homogeneity, uniform film thickness, and
smooth surface. 59 -65 This requirement cannot be met for PEO thin films however,
because PEO is a semicrystalline polymer which crystallizes very easily and rapidly
from both the melt and solutions, and the surface of the film is rough when cast from
solution due to the formation of PEO sperulites. An AFM image of the surface of a
PEO film is included in Figure 3.27.
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Figure 3.27 An AFM image of the surface of a 16KPEOF film cast from chloroform
solution on Si wafer.
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Atactic poly(methyl methacrylate) (PMMA) is an amorphous material. It can be
spin-coated onto Si wafers to produce thin films with low surface roughness. It
compatible with PEO over the entire composition range.66-68 Therefore, blends of
end-functionalized PEO, 16KPEOF
,
with deuterated PMMA (dPMMA) were studied.
The PMMA was deuterated to generate contrast in neutron scattering density between
the surface active PEO and the substrate (PMMA). The segregation of 16KPEOF at the
surface of the blends was first assessed by XPS. The surface fluorine concentration as
a function of the blend composition for as-cast films is displayed in Figure 3.28.
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Figure 3.28 Plots of XPS fluorine atomic concentration vs. the concentration of
16KPEOf jn blends with dPMMA. The open triangles (A) and closed circles (•) are
data recorded at 15° and 75° take-off angles, respectively.
The blends with 12.5% and 25% 16KPEOF were also annealed for different time
periods under vacuum at 1 10 °C, which is above the Tg 's of both PEO and PMMA,
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and the surface fluorine content observed by XPS at 15° take-off angle is plotted in
Figure 3.29. It can be observed for both compositions that the fluorine content
increases with short time annealing, indicating the effect of adsorption kinetics, and
then drops when the annealing time is longer than ~5 h, which probably is due to the
degradation of the sample. Therefore the films with 25 wt% 16KPEOF prepared for
neutron reflectivity were annealed under vacuum for 5 h.
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Figure 3.29 XPS fluorine atomic concentration recorded at 15° take-off angle for blend
samples annealed at 1 10 °C for various lengths of time. The open triangles (A)
represent the blends with 12.5 wt% 16KPEOF , and closed circles (•) represent the
blends with 25.6 wt% 16KPEOF .
The atomic composition in the top 1 1 A of the films assessed by XPS is listed
in Table 3.5.
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ace composition of PeoNRlOOO and PeoNR2000 measured by XPS
at 1 5 take-off angle
Sample F% c% 0%
PeoNRlOOO • 12.54 63.52 23.94
PeoNR2000 13.03 62.87 24.10
The reflectivity data with fittings using two different profiles, that are included
as the inserts, for PeoNRlOOO (thickness 1 150 A) and PeoNR2000 (thickness 2122 A)
are shown in Figure 3.30, 3.31, 3.32, and 3.33, respectively. It can be observed that
the best fits correspond to a model having preferential adsorption of the fluorinated
groups at the polymer-air interface stratified above a thin layer of PEO, which is above
the bulk film composed of 16KPEOF and dPMMA, supported by the native oxide and
silicon substrate. The models show a 30% and 20% coverage of the fluorinated groups
and the thicknesses of the adsorbed PEOF layer are 53 and 5 1 A for PeoNRlOOO and
PeoNR2000 respectively. The scattering length density profile was integrated over the
entire film (assuming step profiles at the air and oxide interfaces). The calculated
concentration of 16KPEOF in the blend was 23.5 and 22.5 wt%, which agrees with the
sample conpositions. From the neutron reflectivity results, a beating corresponding to
the bulk film of PEOF and dPMMA was observed. This beating translates to a layer
thickness of 1 1 12 and 1970 A for PeoNRlOOO and PeoNR2000 respectively. With the
addition of the oxide and the PEOF layer at the surface, neutron reflectivity gives a
thickness (film and oxide) 1 185 and 2041 A.
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Adsoiption at the Air-Water Interface
PEO is hydrophilic and water soluble. By incorporating a highly hydrophobic
fluorocarbon functionality into PEO, the PEOFs become amphiphilic. In aqueous
solution, the PEOFs adsorb to the air-water interface to reduce the surface tension of
water. Compared to the adsorption of small molecules, the overall process of
macromolecule adsorption is rather complicated. The adsorption kinetics is largely
unknown. 15 Qualitatively it depends on the molecular weight of the polymer, the
solvent, and the concentration. 15 The time dependence of the surface tension of
8KPE02F aqueous solutions is shown in Figure 3.34. The surface tension decreases
quickly in a short period, followed by a slow approach to equilibrium.
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Figure 3.34 The time dependence of the surface tension of
8KPE02F aqueous solution
at different concentration.
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The surface tension of 8KPE02F aqueous solution measured at 2 h equilibration
time by Du Nuoy ring method are plotted as a function of concentration in Figure 3.35.
It can be observed that this polymer is a good nonionic polymeric surfactant. With a
concentration of ~ lmg/mL, it reduces the surface tension of water by -40 mN/m.
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Figure 3.35 Adsorption of 8KPE02F at the air-water interface measured as the surface
tension of the solution.
The structure of the adsorbed end-functionalized PEO at the air-solution
interface was further studied by external reflection infrared spectroscopy. It has been
shown that the adsorption of this type of fluoroalkyl end-capped PEO at the air-solution
interface can be quantified by comparing the reflectance absorbance of the C-F
vibrational bands with that of an insoluble fluorinated alcohol.
30 The model compound
we chose was methoxy tri(ethylene glycol) perfluorodecanoyl ester (MTEGF), which is
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essentially the end-functionalized ethylene oxide trimer. The fluorinated functional end
of this compound is identical to that of the PEOFs studied. The surface pressure
isotherm measured on a Langmuir trough of this model compound spread from
chloroform on water surface is included in Figure 3.36. The area occupied by each
molecule is determined to be 28.6 A2 by extrapolating the last stage of the pressure
curve to the X-axis where the pressure is zero. This value agrees with the value
reported in the literature for fluorocarbon surfactants.69 71
Figure 3.36 Surface pressure isotherm of MTEGF monolayer spread on water surface.
A reflection spectrum of MTEGF film spread on the water surface with a
packing density of 30A2/molecule is shown in Figure 3.37. A surface pressure
isotherm study shows that the fluorocarbons are close packed at this density, with the
chain axis perpendicular to the water surface. The reflection spectrum of
8KPE02F
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adsorbed from aqueous solution is also included in Figure 3.37. It can be observed
that the features of the C-F bands in the 1 200- 1 300 cnr ' region of "KPE02F resemble
those of the MPEGF
.
The relative intensities of the two perpendicular bands at 1 152
and 1207 cm-' are the same, but the 1238 cm-' band, which contains a parallel
component,72 is slightly stronger in the spectrum of "KPE02F
. This indicates that the
packing of the fluorinated chain ends of the 8KPE02F is very close to the packing of the
MPEGF
,
but the average orientation of the fluoroalkyl chain ends deviates slightly from
90°.
0.000
-0.020 L ^^^^^^^J
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Figure 3.37 External reflectance IR spectra obtained using s-polarization of (A) PEO
solution, (B) a monolayer of MTEGF spread on water surface (30 A2/molecule), and
(C) 8KPEQ2F solution (2.0 mg/mL).
Assuming that the orientation of the fluorinated chain ends of 8KPE02F is 90° as
that of MPEGF , the relative reflectance at constant incidence angle is proportional to the
I I I
number of absorbing molecules at the surface. Therefore the surface density of the
adsorbed fluorinated chain ends can be determined by
(3.4)
where Sm is the area occupied by one fluorinated chain end for the MPEGF
,
AM the
absorbance of the s polarized reflectance of the corresponding film, and Sp is the area
occupied by one fluorinated chain end for the 8KPE02F
,
and Ap is the s polarized
reflectance from the surface of the polymer solution. The result thus obtained is
40A2/tail for the adsorbed 8KPE02F chains.
It has been pointed out that the absorbance in a reflection infrared spectrum is
dependent on the orientation of the transition moment as it is in the transmittance
infrared.72 Theoretical calculations have been carried out by Ren to quantify the
relationship between the orientation and the absorbance.72 If we take into account the
dependence of absorbance on the orientation angle, Equation 3.4 becomes
where 9 is the angle between the chain axis and the surface. Base on the k(0)~ 8
relation calculated by Ren, the orientation angle 9 was found to be 69°, and the packing
density of the perfluoroalkyl chain ends 34.4 A2/tail. This surface density value agrees
very well with the result obtained by surface tension measured using the drop volume
method73 . Therefore we conclude that the perfluoroalkyl chain ends for the
functional ized PEOs form an ordered structure at the air-solution interface.
Polymer chains with one end functionalized form a "tail" conformation when
they adsorb to the interface, while the homopolymer with both ends functionalized can
(3.5)
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assume either "loop" and/or "tail" conformations depending on the surface affinity of
the end group and the surface coverage.74 75 More information on the adsorbed
8KpE02F chains at the air-solution interface can be obtained by studying the PEO
backbone vibration region. Compared with the reflection spectrum of the 5KPEOF
solution, which is plotted in Figure 3.38, it can be observed that if we normalize these
two spectra with respect to the 1207cm- 1 C-F vibrational band, the PEO backbone
vibrations at 1050 and 930 cm" 1 for the 8KPE02F are stronger than the corresponding
bands for the 5KPEOF
. This indicates that for each adsorbed 8KPE02F chain, the
average PEO chain attached to each adsorbed fluorinated tail is longer than that for
5KPEOF
.
If both of the fluorinated chain ends of a 8KPE02F molecule adsorb to the
interface, i.e. it is in "loop" conformation, the chain can be considered as two 4KPEOF
chains. The average PEO chain attached to each fluorinated chain end, with molecule
weight -4000, would be smaller than the PEO chain attached to each perfluoro chain
end for 5KPEOF , and the relative band intensity of the PEO backbone vibrations
normalized to the number of chain end should be higher for 5KPEOF than that of
8KPE02F . The opposite is observed, indicating that for 8KPE02F chains adsorbed to
the air-water interface, the loop conformation is not the predominant structure.
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Figure 3.38 Comparison of s-polarization reflectance spectra of (A) 5KPEOF solution
(4.16 mg/mL) (reprinted from reference 72), and (B) 8KPE02F solution (2.0 mg/mL).
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Conclusions
Surface analyses indicate that perfluoroalkyl end-functional ized PEOs are
extremely surface active molecules in blends with unfunctionalized PEOs. They adsorb
to the polymer-air interface, exhibiting high affinity concentration isotherms to yield
structures that contain essentially only fluorocarbon in the outermost ~5 A and regions
beneath this layer that are depleted of fluorine. The enthalpic gain due to the lowering
of surface free energy dominates the entropic loss due to stretching of the PEO chain.
The composition of the surface region (fluorine content) is only weakly a function of
molecular weight and depends only weakly on whether one or two perfluoroalkyl
groups are attached to the polymer. This indicates that the conformation of adsorbed
chains are brush-like with the degree of brush extension (chain stretching) roughly
linear in molecular weight. Adsorption is favored at lower temperatures, but only
slightly - again indicating the dominance of enthalpy in this system.
In aqueous solution, these end-functionalized PEOs are excellent surfactants.
The polymer chains adsorb to the air-water interface through the segregation of the
chain ends, which pack closely at the interface with their axis of helix orienting around
the surface normal direction. As a result of the close packing of the chain ends, the
attached PEO chains are forced to stretch into the solution to form polymer brushes.
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CHAPTER IV
A RAMAN ANALYSIS OF THE CONFORMATION DISTRIBUTION OF
POLYETHYLENE OXIDE) AND ITS MODEL COMPOUND
' IN THE LIQUID STATE
Overview
Isotropic Raman spectra of polyethylene oxide) in aqueous solution and in
the melt show differences in the skeletal stretching vibration bands near 800 cm" 1 and
in the disordered longitudinal acoustic mode feature in the 200 - 400 cm" 1 region.
These spectra may be simulated by superposing calculated spectra resulting from a
series of normal coordinate calculations performed for an ensemble of conformers.
The conformational distribution for poly(ethylene oxide) in the molten state appears
to favor the tgg' conformer, which dominates the spectrum calculated to match closely
the observed isotropic Raman spectrum. The experimental data suggest that the tgg'
conformation is present by a greater amount than is predicted by simulation methods.
By the same analysis methods, it appears that the aqueous solution of poly(ethylene
oxide) contains mostly tgt conformers. The results for poly(ethylene oxide) were
supported by measurements and computations made using 1 ,2-dimethoxyethane as a
model.
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Introduction
Polyethylene oxide) (PEO) has a repeat unit consisting of three linkages
along the backbone, the O-C, C-C and C-0 bonds. The structures of this family of
polymers, either as homopolymers or as part of a copolymer, determine properties in
a large number of applications, including thermoelastomers, 1 -2 polymeric
electrolytes,3-5 and surfactants. Steric considerations alone suggest that the minimum
energy conformer is all trans, designated as ttt, in a notation that references
successively the backbone O-C, C-C and C-0 bonds. However, the most stable
conformation in the crystal includes a gauche conformation, and is designated tgt. 6
Since the conformation present in the crystal must be the result of the interaction of a
number of factors that include crystal field forces, there is no way to use the crystal
structure to predict with certainty the dominant conformation present in the melt or in
solution. An early facile explanation of the introduction of gauche conformations
suggested that these may be due to electrostatic interactions between the partial
positive and negative charges on the backbone due to the introduction of the
heteroatom into the chain.6
The structure of this polymer has continued to intrigue investigators over the
years. The chain structure departs from tgt and changes to ttt when poly(ethylene
oxide) is blended with poly-(methyl methacrylate). 7 The structure of polyethylene
oxide) was recently studied in solution, and it was found that the structure of adsorbed
chains in the air-solution interface is very different from the disordered structure
expected for the solution state. 8 9 In fact, the vibrational bands found for these
adsorbed chains have characteristics similar to those observed in the crystalline state.
9
Various theoretical studies have led to quite different results for the chain
conformations expected for polyethylene oxide).
6
-
1019 Under certain experimental
conditions, the tgg' conformer may prove to have the highest relative population. It
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must be mentioned that the relative population of various conformers, especially the
tgg', has yet to be confirmed by experimental techniques.
Although vibrational spectroscopy is widely used to determine localized chain
conformations in polymers in a variety of physical states, the method has been
infrequently used to obtain quantitative structural information for polymers in
solution or in the melt. The frequency and relative intensity of observed vibrational
bands are dependent on the relative concentrations of specific localized structures.
For samples involving well defined structures and dependable band assignments, the
method works well. However, when a broad distribution of a large variety of
conformations is involved, the method is more difficult to apply with confidence, and
it is often hard to relate observed spectroscopic differences to well defined structural
changes. 20
Often a detailed spectroscopic analysis of a complex molecular system is
achieved by use of a normal coordinate calculation based on solution of the equations
of motion in the harmonic approximation, using force constants transferred from
smaller molecules.21
"24 Since the vibrational spectrum is conformationally sensitive,
different spectra are observed for different relative contributions of different
conformations, these depending on the immediate molecular environment; a change
in temperature, for example, will change the relative populations of the various
conformers. Even in relatively short chain molecules, the problem involves some
complexity. For example, the number of possible conformers for a C\2 hydrocarbon
is of the order of 104 , each with a unique spectrum often only slightly different from
that of another. In order to treat polymers lacking long range order, an approximate
method due to Snyder is used. 25 The method consists essentially of specifying a
conformation of high probability, calculating the spectrum of the conformation from
force constant and intensity data transferred from smaller molecules, storing the
result, changing the conformation to another of relatively high probability, repeating
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the calculation, adding the spectra to produce a composite for comparison with
experimental data, and iterating until only conformations of low probability remain.
Since so many conformations are possible, the conformations treated are generated by
a Monte Carlo method that uses the relative energy of the conformation to estimate its
probability of occurrence. With only a small number of structural and intensity
parameters, in this way it has been possible to reproduce experimental infrared and
Raman spectra of some n-alkanes with accuracy.25 28 The method has been applied to
more complicated polymers lacking long range order. 27 '29
In order to complete a normal coordinate treatment of poly(ethylene oxide)
and of the model compound, 1 ,2-dimethoxyethane, a force field developed by Snyder
and Zerbi for small ether molecules was transferred. 30 For the isolated molecule, the
chain statistics is dependent on the relative energy of the various states of the
rotational isomeric model. However, for the chains in condensed phases, bond dipole
moments may well alter the relative populations due to the contribution to the total
energy from interchain dipole-dipole interactions. It has long been established that
poly(ethylene oxide) chains have a large fraction of bonds in the gauche
conformation, 6 a fact supported by a number of experiments. In the case of 1,2-
dimethoxyethane, the all trans conformation has C2h symmetry, possesses a center of
symmetry, and therefore lacks a molecular dipole moment. The gauche conformers
all lack a center of symmetry and therefore possess finite dipole moments. For this
reason, the conformation of 1,2-dimethoxyethane most stable in the gas phase should
differ in population from that in a disordered condensed phase, as dipole-dipole
interaction lowers the energy of the gauche conformers relative to the all trans, and
the gauche conformers are thereby stabilized in the melt. However, although several
studies of 1,2-dimethoxyethane have reported the presence of gauche conformations,
the relative amounts of tgt and tgg
1
sequences differ considerably depending on the
experimental conditions and the models used for the analyses.
1012 In all cases, the ttt
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conformation accounts for less than 15% of the total population. Quantum
mechanical and other simulation methods suggest that the energies of various
conformers are not terribly different.MO- 19 The statistica, wdght
the chance for the gauche state to occur much more frequently than the trans
conformer. The experimental evidence to date has not verified the exact structural
distribution of 1 ,2-dimethoxyethane, and without such information, a detailed
analysis of polyethylene oxide) is difficult.
In the present study, we have developed a method aimed at an approximate
quantitative analysis of the conformational distribution in polyethylene oxide) and
the model compound 1 ,2-dimethoxyethane in the liquid state. Although a detailed
study of the molecular vibrations of 1 ,2-dimethoxyethane in all states of aggregation
is clearly needed to form a basis for further development of the method utilized here,
the results described below show fair agreement with the experimental spectra.
Experimental
Materials
Dimethoxyethane (DME) (Aldrich, 99.9%, HPLC grade) was used as
received.
PoIy(ethyIene oxide) (PEO) (Aldrich, Mn ca. 4600) was used as received. An
aqueous solution of poly(ethylene oxide) was prepared by dissolving the polymer in
water filtered through a Milli-Q purification system with a nominal resistivity of 18.2
MQ. cm 1 .
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Analytical Techniques
Raman Spectra were excited with 100 inW of 5 14.5 nm light produced by a
Spectra-Physics 165-08 Ar+ ion laser and collected at 90° using custom optics to
focus the scattered light through a polarization analyzer followed by a polarization
scrambler onto the horizontal entrance slit of an Instruments SA U-1000 double
monochromator operated at 4 cm" 1 resolution, equipped with an RCA C31034
photomultiplier and controlled by a Spectra Link interfaced to an IBM PC. The
sample temperature was maintained within ± 0.5 °C by passing nitrogen gas at the
desired temperature through a Miller-Harney cell in which the sample capillary was
mounted. The Raman spectrum of CCI4 standard in 430-480 cm" 1 region is shown in
Figure 4. 1
. Good energy throughput and resolution are confirmed.
1 1 1 1 I 1 1 1 1 I ' ' 1 1 I I 1 1 1 1
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Wavenumbers
Figure 4. 1 Raman spectrum of CCI4 in 430-480 cm" 1 region.
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All experimental data were analyzed using Lab Calc™. Isotropic Raman
scattering intensities were calculated from the parallel and perpendicular components
of the experimentally measured Raman scattered light I||(v) and Ij_(v)
4
liso =I//(Vj--I 1 (V >) (4 .1)
The 314 cm" 1 band of carbon tetrachloride (Figure 4.2) was used to verify the
accuracy of the scattering geometry and light collection optics used, and gave the
expected value of 0.75 within 2%.
Wavenumbers
Figure 4.2 Raman spectra of CCI4 (350-280 cm" 1 ) in the two directions of
polarization.
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Computations
The program used to generate a computed composite spectrum from a
distribution of chain conformations was adapted from that developed by Snyder and
coworkers. 25 -26 -28 The original code was designed for use with n-alkanes. In our
laboratory, modifications were introduced into the program that allow non-equivalent
bonds along the chain. When a 3-state rotational isomeric model was defined, the
relative energy of each rotameric state was used to generate a conditional probability
for the chain, using first and second order interaction rotational isomeric state (RIS)
probabilities for 1,2-dimethoxyethane and polyethylene oxide) taken from the
literature.6 - 1(M 1 When a disordered chain was to be simulated, an ensemble of 1000
chains was used. The chain length used in the simulation reported here was 13
repeats, which required random choice of 41 torsion angles with rejection of the small
class of self-overlapping and low probability chains. The isotropic Raman spectrum
S(v) for the liquid state was simulated as a composite of contributors from the
ensemble of chains generated by a Monte Carlo procedure which assigned both a
conformation and a total probability to each chain. The spectrum of each chain was
calculated, multiplied by its relative probability and the result added to the composite
consisting of all the chain spectra that had been previously run, until the probabilities
became less than an assigned stopping criterion.
The force constants used in calculating the frequencies and the internal
coordinates of the system were transferred from an earlier study. 30 The force
constants were selected by the program from a force constant library by matching the
atomic type and local geometry of each atom. The bond lengths, bond angles,
dihedral angles and masses of the atoms used are listed in Table 4. 1
.
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Table 4.1 Structural parameters used in the simulation studies of
1,2-dimetnoxyethane and polyethylene oxide).
Parameter Value Parameter Value
C-C 1 *\A A1
.J4 A mc 12
C-0 1.41 A mo 16
C-H 1 .096 A trans (RIS) 180°
X-Y-Z3 109.5° gauche (RIS) OC-CO ±77.17°
mH 1.008145 gauche (RIS) CC-OC ±67°
(a: X, Y and Z can be used to designate any H, C and O along the chain.)
The spectrum of the entire distribution of chains can be written as
m
S(V)=IS l (v; (4.2)
i=l
where S 1 (v) is the contribution of the i th chain conformation and m is the total number
of chains used in the simulation. The band shapes used in the simulation were a
convolution of 9 parts Lorentzian and 1 part Gaussian band contours assigned a fixed
halfwidth of 8 cm-1 . The band intensities were calculated from simplified bond
polarizabilities for C-C stretching, C-0 stretching, C-O-C bending and C-C-0
bending internal coordinates. The scattering activity otj of the j
th mode of a chain
calculated by the bond polarizability method is then proportional to
Otj oc( IA a ILakj j (4.3)
o=l k
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where Ac is an intensity parameter which is proportional to the derivative of the mean
polarizability of the # internal coordinate, and where Lkj° is a normal coordinate
element associated with the a* internal coordinate. The relative intensity parameters
used for the C-C stretching, C-0 stretching, C-O-C bending and C-C-0 bending
internal coordinates were 1
.0, 0.6, 0.2 and 0.2 respectively. Intensity contributions
from the C-H stretching and torsion about the C-C or C-0 bonds were ignored, as the
interest in this investigation centers primarily on non-torsional skeletal modes. The
simulated isotropic Raman spectrum was finally calculated from the relation
^ iso
Sfvj
1 - exp
( hcv^
I kT J
(4.4)
where hc/k is the second quantization constant that has the numerical value 1.4388
cm deg; T is measured in Kelvin degrees and v is in cm" 1 units.
Results and Discussion
The isotropic Raman spectra obtained for 1 ,2-dimethoxyethane, a model
compound for analyzing poly(ethylene oxide) conformation, at 22 and -33 °C are
shown in Figure 4.3. These differ significantly from the normal Raman spectrum in
that only the polarized component remains, since the depolarized component has been
removed. Most of the strong bands above about 1000 cm-1 in the normal Raman
spectrum have intense depolarized components, and are much reduced in intensity in
the isotropic Raman spectrum. Skeletal modes with polarizability changes along the
main chain are expected to be intense in the isotropic Raman spectrum. Past studies
have indicated that skeletal stretching vibrations such as the C-0 stretching mode in
the 800 cm-1 region are extremely sensitive to changes in chain conformation and can
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be used for analyzing the type and number of conformers in polyethers. 3 '5 The
relative intensities of several bands in this region are sensitive to temperature. The
strong band located at 848 cnr* has been assigned as C-O stretching for the tgt
conformer, and its neighboring intense band at 822 cm-' has been assigned to CH2
rocking. 31 The intensity of the 848 cm" 1 band increases relative to that of the 822
cm" 1 band with decreasing temperature, suggesting an increase in tgt content for the
sample at lower temperatures.
T=20 °C
T=-33 °C
1600 1400 1200 1000 800 600 400 200
Wavenumbers
Figure 4.3 Observed isotropic Raman spectra of 1 ,2-dimethoxyethane at 22 °C (top)
and at -30 °C (bottom).
The 200-400 cm-1 region is also of interest in the spectrum of 1,2-
dimethoxyethane, and is associated with the backbone bond stretching and bending
vibrations. In spectra of long chain molecules in disordered states, a strong band
assigned to the disordered longitudinal acoustic mode is found in the 200-400 cm" 1
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region. This band is related to the longitudinal acoustic mode found for straight chain
segments with a well defined specific chain conformation and is associated with the
backbone bond stretching and bending vibration of ordered chain molecules in the
solid state. Disordered longitudinal acoustic mode is used for describing a similar set
of motions associated with disordered chains in the liquid state, analogous to the
corresponding motions of 1 ,2-dimethoxyethane with frequencies in the 200-400 cm" 1
region. 20,26,32-34
There are 27 possible conformers associated with the three dihedral angles of
1,2-dimethoxyethane, but 17 of them are degenerate. The 10 distinguishable
rotameric states, together with the associated degenerate states given in parentheses,
are: ttt, ttg (ttg+
,
ttg-, g
+
tt, g"tt), tgt (tg+ t, tg't), tgg (tg+g
+
,
tg'g" g
+
g
+
t, g"gn), tgg' (tg+g-
.
tg"g+
, g
+g% g"g+t), gtg (g+tg+ , g-tg"), gtg' (g+tg", g"tg+), ggg (g+g+g+ , g-g-g"), ggg'
(g
+
g
+
g-, g"g"g+
,
g"g+g
+
,
g"g~g+)> and gg'g (g
+g-g+
,
g-g+g-)- The last five conformers
should have very low probability of occurrence in 1,2-dimethoxyethane. The total
population of these five conformers has been variously estimated as 6%, 10 8%,35 or
4-8%. 13 The simulated Raman spectra for the most probable tgt, ttt, tgg, tgg' and ttg
conformers of 1,2-dimethoxyethane are shown in Figure 4.4. The 365 cm" 1 band in
the observed Raman spectrum of 1 ,2-dimethoxyethane has been assigned primarily to
C-O-C bending in the tgt conformer. 31 There is a barely resolved component at 396
cm -1 on the high frequency side of the 365 cm-1 band shown in Figure 4.3.
Inspection of Figure 4.4 shows that this region of the spectrum is populated by bands
from all of the conformers. Simulated spectra for both the ttt and ttg conformers
show a band at -400 cm" 1 due to a C-C-0 skeletal bending mode. All simulated
spectra show a contributor at lower frequencies, and those for ttg and tgt conformers
each have a band at very nearly 365 cm" 1 . If the ttg conformer is present in
appreciable amount, a band at 440 cnr 1 would be expected according to the simulated
Raman spectrum, but inspection of Figure 4.3 shows little evidence of a Raman band
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at 440 cm-1
.
If the tgg or tgg' conformers were present, there should also be a
component at 550 cnr 1
,
which is not found experimentally. The spectra shown in
Figure 4.3 do not reveal observable changes in the 400 - 600 cm" 1 region with
temperature, and the simulated spectra therefore suggest that the ttt and tgt
conformers entirely dominate the aqueous solution. The decrease in intensity of the
396 cm" 1 band with decreasing temperature then measures a decrease in the amount
of ttt conformer present in the liquid at lower temperatures, which establishes the tgt
conformer as the most stable in the liquid, in agreement with results reported by
earlier workers. 13,31
1
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Figure 4.4 Simulated isotropic Raman spectra of 1 ,2-dimethoxyethane using different
conformers.
The conformations of 1 ,2-dimethoxyethane change remarkably with the state
of aggregation, and the temperature dependence of the conformational distribution in
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any liquid state remains an open question. Recent electron diffraction35 and
molecular dynamics simulations 1
1
indicate that the tgg' conformer is the most stable
in the gas, while the crystal consists of the tgt conformer which dominates the
solution. 13 -31 Isolated in an Argon matrix at 35 K, the ttt conformer is the most
stable.36 The gas and aqueous solution state populations may be crudely
approximated by assuming two sets of energies as shown in Table 4.2.
Table 4.2 Conformational distribution of different samples of 1 ,2-dimethoxyethane
used in simulation studies.
Sample ttt «g tgt tgg tgg' others
A 0.16 0.05 0.27 0.04 0.43 -0.05
B 0.12 0.08 0.51 0.16 0.09 -0.04
Distribution A is dominated by the tgg' conformer and roughly corresponds to
the gas, while distribution B is dominated by the tgt conformer and approximates the
aqueous solution. These two sets of energies lead to the very different simulated
spectra that are shown in Figure 4.5, together with the observed room temperature
isotropic Raman spectrum of liquid 1,2-dimethoxyethane. The most obvious
difference between the simulated spectra and the observed Raman spectrum of the
liquid is the presence of a band at 822 cnr 1 in the observed spectrum. This band has
been assigned to a CH2 rocking mode of the ttg conformer. 31 Since the simulated
spectra are based only on the four skeletal internal coordinates (C-C and C-0 stretch,
C-O-C and O-C-O bend), no hydrogenic modes are included in the simulation and the
absence of the 822 cm' 1 band is expected. Otherwise, the simulated isotropic Raman
spectrum for distribution B agrees fairly well with the observed, especially in the
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skeletal bending region below 600 cm->. Ogawa, et al.31 found that the band in the
365 cm-l region is broader in the Raman spectrum of 1,2-dimethoxyethane gas than it
is in the Raman spectrum of solution 1,2-dimethoxyethane. The simulated Raman
spectrum of distribution A has a broader contour in the 365 cm"' region than shown
by distribution B, and corresponds more closely with the gas phase Raman data
reported by Ogawa, et al. A slightly different distribution of various conformers will
not change the dominant features of the simulated spectra.
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Figure 4.5 Comparison of observed and simulated spectra with different
conformational distributions of 1 ,2-dimethoxyethane (see text and Table 4.2).
The short 1,2-dimethoxyethane molecule has too few conformers and
vibrations to produce the complicated composite of a true D-LAM band of a polymer.
This model compound really is not appropriate for analyzing poly(ethylene oxide)
conformation since interactions between well separated structural units also exist.
6
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The determination of the conformational distribution for polyethylene oxide) either
in the solution or melt is a much more difficult problem. Several liquid systems of
polyethylene oxide) have been investigated, including the molten state, 37 "39
solutions in organic solvents37 -38 -40 and solutions in water37 -40
. Koenig and Angood37
have reported the Raman spectrum of polyethylene oxide) in the melt and in both
chloroform and aqueous solution, and concluded that the conformations of
polyethylene oxide) in aqueous solution retain the tgt conformation that occurs in the
crystalline solid, but that the Raman spectrum of the chloroform solution resembles
more closely that of the melt than it does the spectrum of the aqueous solution. The
conformational distribution was not deducible from the spectra due to uncertainty in
band assignments.
The conformational distribution is broadly reflected in the characteristic ratio,
C. C was found for polyethylene oxide) to be 5.2 for aqueous solution and for
solutions in some organic solvents, and 6.9 for the melt and for solutions in other
organic solvents. Although C varies sensitively with the parameters E
p and <j>cc
g
assigned to the C-C bond and used in Flory's rotational isomeric state analysis, Abe,
Tasaki and Mark were unable to reproduce the characteristic ratio C = 6.9 found by
small angle neutron scattering for polydisperse samples (Mw/Mn = 1 .5) of molten
polyethylene oxide) samples with reasonable values of these parameters, but had no
difficulty in matching the C = 5.2 value 41 These authors stated that they found no
plausible explanation for the large enhancement of the C value in the melt. Evidently,
the source of the enhancement must be sought in factors other than the parameters Ep
and <))cc8 - Very recently, Smith et al. reported small angle neutron scattering results
for a more nearly monodisperse sample of molten polyethylene oxide) (Mw/Mn =
1.04) and found a characteristic ratio of 5.7. 15
The isotropic Raman spectra of polyethylene oxide) in the melt and in
aqueous solution shown in Figure 4.6 suggest new indicators for characterizing the
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conformational distribution. Considerable differences are evident in band shape for
the 850 cm" 1 band and for the D-LAM region near 365 cm" 1
. Although the
differences are insignificant in the normal Raman spectrum, the shape and position of
the features in these two regions differ substantially in the isotropic spectrum. The
strong bands in the 850 cm' 1 region are almost mirror images for the two experiments
carried out. The most intense feature in the 800 cm' 1 region for the aqueous solution
is located at 880 cm' 1 . In contrast, the intense feature for the melt is centered at 830
cm -1 . The shapes of the D-LAM bands observed for the two poly(ethylene oxide)
samples are also quite different. The band observed for sample A is somewhat
broader than the band observed for sample B. The shoulder on the high frequency
side of the D-LAM band in sample A proves to be an important feature that may be
used to differentiate the two sets of data. These differences are to be correlated with
differences in conformational distributions in the melt and in aqueous solution of
poly(ethylene oxide).
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Figure 4.6 Observed isotropic Raman spectra of polyethylene oxide) in the melt
state (top) and in water (bottom).
The conformational distribution must be reflected in the contour of the
D-LAM band, since the underlying vibrations involve mechanical coupling of
skeletal coordinates that are different for each conformational sequence. The same
three conformational sequences, ttt, tgt and tgg, connected differently to one another
yield very different simulated spectra. All three simulated spectra in Figure 4.7 have
a backbone stretching vibration that produces a strong band near 860 cm-1 . The
D-LAM region is entirely different for each sequence of nine rotameric states, and is
dominated by the presence of an intense band at different frequencies flanked by
various weaker bands.
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Figure 4.7 Simulated isotropic Raman spectra of three-repeat-sequences of
poly(ethylene oxide): same composition, different sequences.
The conformational distribution for poly(ethylene oxide) most certainly
contains the conformer sequences ttt, tgt, tgg, tgg\ ttg. 6,11 '41 Sequences of 9
rotameric states constructed from three identical rotameric triple sequences have
simulated Raman spectra shown in Figure 4.8. The strong band in the D-LAM region
occurs for these sequences in the broad range from 194 to 350 cm-1 . The strong band
for the three conformer sequences has frequencies in the order tgg'>ttg>tgt>tgg>ttt.
For the backbone stretching mode, the tgttgttgt and tggtggtgg sequences have a strong
simulated band around 860 cm" 1 , the tgg'tgg'tgg' sequence has one at 830 cnr 1 , and
the ttttttttt and ttgttgttg sequences lack a substantial contributor in the 850 cm" 1
region.
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Figure 4.8 Simulated isotropic Raman spectra of three-repeat-sequences of
poly(ethylene oxide): three repeats identical.
Such highly ordered sequences are unlikely in a disordered chain, and thus the
less orderly sequences shown in Figure 4.9 were considered. Each of these simulated
spectra were computed for two identical triples of high probability, such as tgttgt,
connected to another one of relatively high probability, such as ttt. Comparison of the
results shown in Figure 4.8 with those in Figure 4.9 suggests that regular sequences of
identical triples, such as tgttgttgt, have higher skeletal vibrational frequencies in the
D-LAM region. Connecting two identical triples with a third of a different type may
yield a frequency intermediate between the two types of identical triples. For
example, the sequence ttttgttgt has a simulated band at 262 cm" 1 , which is lower than
the simulated 282 cm" 1 band produced by the tgttgttgt sequence but higher than the
simulated 194 cm" 1 band due to ttttttttt. The simulated spectra are strongly dependent
on the exact sequence of rotameric states, rather than on the fractional content of t, g
139
and g' states. For example, the two conformers tgg'tgg'ttg and tgg'tgg'gtt differ only
in the placement of the g rotameric state in the terminal triple, but have very different
simulated spectra. Indeed, the tgg'tgg'gtt sequence has a simulated band at 382 cm"",
which is a higher frequency than found for any other sequence in Figure 4.8 or Figure
4.9. In the higher frequency backbone bond stretching region around 850 cm" 1
, the
simulated spectra are much less sensitive to the details of rotamer order. Any of these
conformers containing the tgt sequence has a simulated band at 860 cm 1
,
and when
the sequence contains tgg' as the terminal group, a simulated band occurs at 830 cm-1 .
A Monte Carlo method was used to generate three conformational
distributions of poly(ethylene oxide) chains incorporating the energy terms of Flory's
model (E s = -0.430, Ep = 0.900 and Ew= 0.338 kcal/mol),
6 Abe's model (EG = -0.5,
Ep = 0.9 and Ew = 0.338 kcal/mol),
41 and Smith's model (Ea = 0.1, Ep = 1.4 and Ew =
-1.3 kcal/mol). 1
1
The percentage of various conformers are listed in Table 4.3 as
simulations C, D and E, respectively. The equilibrium fractions of the conformational
distribution are listed in the last three rows of Table 4.3, where C designates the
equilibrium fraction for simulation C, and similarly for D' and E'. The three RIS
models can be divided into two groups: 1 . Flory's (simulation C) and Abe's
(simulation D) produce conformational distributions with the largest percentage of tgt
conformer; 2. Smith's simulation E is dominated by the tgg' conformer.
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Figure 4.9 Simulated isotropic Raman spectra of three-repeat-sequences of
poly(ethylene oxide): combination of more probable states.
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Table 4.3 Conformational distribution of different samples of polyethylene oxide)
used in simulation studies.
Sample ttt ttg
.
tgt tgg tgg' gg'g Temp.
C\ 1 fKU. IUj U.Uoj 0.466 0.149 0.122 0.003 for 22 °C
D 0.107 0.061 0.599 0.156 0.060 0.002 for 22 °C
E 0.131 0.066 0.259 0.040 0.354 0.108 for 70 °C
C 0.106 0.091 0.440 0.190 0.104 0.006 for 22 °C
D' 0.108 0.057 0.596 0.157 0.056 0.001 for 22 °C
E' 0.119 0.061 0.204 0.052 0.354 0.153 for 70 °C
The simulated isotropic Raman spectrum for each of these distributions is
shown in Figure 4. 10. Simulation E fits the Raman spectrum observed for the molten
state fairly well. In contrast, the simulated spectra obtained using distributions C and
D match the observed isotropic Raman spectrum of aqueous poly(ethylene oxide)
solution. The similarities between the simulated and observed spectra can be found
not only in the D-LAM pattern but also in the backbone bond stretching region. As
shown in Figures 4.8 and 4.9, the tgg' dominated distribution produces a D-LAM
with a maximum at approximately 350 cm-1 and a skeletal stretching vibration at 830
cm -1 . The distribution having mostly tgt conformers is associated with a D-LAM
centered at approximately 282 cm" 1 and having the skeletal band at 860 cm" 1 . Such
simulated spectra from the two groups fit the two different observations, one for
poly(ethylene oxide) in aqueous solution, and the other in the melt.
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Figure 4.10 Simulated and observed isotropic Raman spectra of poly(ethylene oxide).
Different conformational distributions are described in text and Table 4.3.
Although the simulated spectrum for distribution C fits the data obtained from
poly(ethylene oxide) in aqueous solution well, there are minor departures. The
maximum of the band at -300 cm-1 region is about 20 cm" 1 lower than the observed
value. This difference is possibly caused by adopting a specific force field refined to
1,2-dimethoxyethane type model compounds. 30 This set of force constants yields a
frequency of 398 versus the 396 cm -
1
observed value for the ttt conformer of 1 ,2-
dimethoxyethane. For the tgt conformer, a value of 356 cnr 1 was obtained, which is
9 cm" 1 lower than the observed value. Therefore, the D-LAM frequency for the tgt
dominated distribution would be expected to have a slightly lower calculated value
than observed. This difference, in contrast, is very small compared to the D-LAM
frequency shift that results on changing a conformational distribution. The
contribution to D-LAM for a regular sequence of tgttgttgt has a frequency of 282 cnr
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1 and that associated with a sequence of tgttgttgttgttgt has one as low as 264 cnr ' . As
shown in Figure 4.9, even two connected tgt conformers, if linked to ttt (the case of
ttttgttgt sequence), will have a frequency of 262 cnr 1, or if linked to a ttg conformer
(the case of ttgtgttgt sequence), will still have a rather low frequency at 276 cm" 1
.
Simulation D has a pronounced shoulder on the low frequency side of the calculated
D-LAM, since its larger population of tgt conformer leads to a higher probability of
long tgt sequences connected to a ttt conformer along the chain.
The tgg' conformer has been found for 1 ,2-dimethoxyethane trapped in an
argon matrix of 1 ,2-dimethoxyethane. 36 The reason this conformer is stable in an
argon matrix is that there are strong attractive interactions between an oxygen atom a
hydrogen opposite the methyl group five bonds away, as shown in Figure 4. 1 1 . This
phenomenon has been investigated by ab initio calculation using a D95+(2df,p) basis
set and MP2 approximate electron correlation, 11 and the existence of this conformer
has been shown in NMR experiments. 39,41
These results have demonstrated that the conformational distribution of
poly(ethylene oxide) in the melt is reasonably predicted by a set of statistical weights
which include the so-calledOH attraction effect. 1
1
These results also indicate that
for the system poly(ethylene oxide) in water the O-H attraction effect is lost. The
simulated and experimental data suggest that by changing intermolecular interactions,
it is possible to change the conformational distribution in poly(ethylene oxide)
significantly.
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Figure 4.1 1 A schematic representation of tgg' conformation of 1 ,2-dimethoxyethane
and poly(ethylene oxide), caused by O...H attraction effect.
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Conclusions
Isotropic Raman spectra of polyethylene oxide) in aqueous solution and in
the melt show differences in the skeletal stretching vibration bands near 800 cm" 1 and
in the disordered longitudinal acoustic mode feature in the 200 - 400 cm" 1 region.
These spectra may be simulated by superposing calculated spectra resulting from a
series of normal coordinate calculations performed for an ensemble of conformers.
The conformational distribution for poly(ethylene oxide) in the molten state appears
to favor the tgg' conformer, which dominates the spectrum calculated to match closely
the observed isotropic Raman spectrum. Experimental data suggest that the tgg'
conformation is present in a greater amount than is predicted by simulation methods.
On the same basis, it appears that the aqueous solution of poly(ethylene oxide)
contains mostly tgt conformers. The results for poly(ethylene oxide) were supported
by measurements and computations made using 1,2-dimethoxyethane as a model.
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CHAPTER V
SPECTROSCOPIC AND THERMAL STUDIES OF LIGHTLY
SULFONATED SYNDIOTACTIC POLYSTYRENE
Overview
Direct sulfonation of highly stereoregular syndiotactic polystyrene (sPS) has
been accomplished in chloroform. The degree of sulfonation can be well controlled and
to a higher degree than previously reported. The crystallization behavior of sulfonated
syndiotactic polystyrene (SsPS) exhibits considerable differences as compared to the
unmodified sample. Both extended all-trans and the TTGG helical chain conformations
have been observed for the sulfonated samples. The melting temperatures observed
range from -245 °C for the 6.3% molar sulfonated sample to 266 °C for the 1.4%
molar sulfonated sample. The glass transition temperature also is perturbed by the
sulfonate groups introduced to the polymer chains. The kinetics of crystallization of
SsPS from melts is reduced significantly, and was found to depend on the degree of
sulfonation. The irreversible transition from the helical to the all-trans chain
conformation occurs at 175 °C, at much lower temperature than the one observed for
the syndiotactic polystyrene. The temperature range for this transition is extremely
broad: from 160 to 190 °C.
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Introduction
Generally speaking, most synthetic polymers contain significant structural
defects in terms of molecular weight distribution and stereoregularity. The recent
synthesis of highly stereoregular syndiotactic polystyrene has attracted much interest
from the research community due to its completely ordered chain configuration and
associated stable mechanical and chemical properties at elevated temperatures. 14 This
material crystallizes very rapidly, about 40-80 times faster than the isotactic
polystyrene. 5 Depending on thermal history, the degree of crystallinity can also be
extremely high, >74%.6 The structures of this polymer are quite complex. Unlike
other syndiotactic polymers, this highly stereoregular polymer exhibits polymorphic
structures and solid-solid phase transition behavior.6" 16 Crystals with TTGG helical
chain conformation were formed when crystallized from solutions
,
6
'
8 " 14
-
17
and on the
other hand, the all-trans planar zig-zag chain conformation was observed for lamellar
crystals obtained by crystallization from the melt. 6 '8 " 14,17 " 19 Upon annealing at
elevated temperature or drawing, the crystalline structure with a helical chain
conformation can be transformed irreversibly to the extended and energetically more
favorable all-trans structure.6 '8
" 14,20
It is evident that the mechanical properties of these systems are dependent upon
the mechanisms of deformation available to their structure, which, in turn, are related to
morphological features such as degree of crystallinity, connectivity of crystals by
amorphous chains, size (thickness and lateral dimension of lamellae) and perfection of
crystallites, and their participation in the superstructure. Therefore, the ability to
control morphology formation allows for the possibility of achieving improved
mechanical performance of syndiotactic polystyrene. One widely-used method for
altering crystallization behavior is the incorporation of additional functional groups to
the chain through chemical modification. By introduction of small quantities of
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noncrystallizable co-monomer units into the backbone of a semicrystalline polymer, the
crystallization kinetics and thermodynamics can be changed dramatically. 21 "26
In order to alter the crystallization behavior and obtain morphology different
from homopolymer and thereby alter the mechanical properties of a semicrystalline
polymer, one interesting type of functional group that has been introduced into
semicrystalline polymer backbone is ionic groups. Due to the presence of long-range
strong electrostatic interactions, and larger size in comparison to non-polar units, it is
generally accepted that pendant ionic groups interact or associate to form ion-rich
regions in the non-polar polymer matrix. 27 These systems have phase domains with
sub-microscopic dimensions (10 A to 1 um), intermediate between true solution and a
composite system. The controlled phase separation provides a new dimension in
varying morphology and leads to enhancement of desirable properties, e.g. tensile
strength and modulus. The ionic interactions and resultant polymer properties may
depend on the ionic functionality, ionic density, degree of neutralization, and cation
type.
For a long time the direct sulfonation of atactic polystyrene (aPS) has been
known28,29 and numerous studies on lightly sulfonated atactic polystyrene (SaPS) have
been reported.30
"37 These sulfonation methods offer the advantage of a homogeneous
reaction which yields a random placement of sulfonic acid groups along the polymer
chains. It was found that there is no significant degradation or cross-linking occur in
the sulfonation process,38 thus the structure and properties of the sulfonated polymer
can be directly compared with that of the unmodified one.
Based on the wealth of experimental and theoretical information on the
sulfonation of atactic polystyrene, and ionic aggregation behavior of the sulfonated
aPS, it is prudent to choose sulfonation as the approach to modify and control the
properties of syndiotactic polystyrene. However, it is critical to carry out the
sulfonation in a homogeneous solution, and dissolving sPS in a suitable solvent proved
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to be a difficult task due to the rapid crystallization of syndiotactic polystyrene,
particularly in the presence of solvent. 39 A sulfonation procedure has been reported by
Moore et al,39 in which the solvent used was 1 ,2,4-trichlorobenzene. This aromatic
solvent, although deactivated by the three chlorine substituents, can still be sulfonated
by the sulfonating agent. As a result, the degree of sulfonation achieved was very low,
less than 3 mole%, and the sulfonation efficiency (the percent conversion of the
sulfonating agent to the sulfonate groups) was only around 30%. 39
In this chapter, a sulfonation procedure of syndiotactic polystyrene using a non-
aromatic solvent is discussed. By precipitating the polymer from its solution in 1 ,2-
dichlorobenzene into methanol, the solubility of sPS in chloroform is significantly
improved, and the sulfonation of sPS can be accomplished in chloroform to a higher
extent. Scheme 5. 1 shows the reactions involved in the sulfonation of polystyrene by
acetyl sulfate. 28 By varying the amount of sulfonate groups introduced into sPS, the
crystallization kinetics and the crystallinity can be controlled.
H2S04 + (CH3CO) 20 CH3COOSO3H
SO3H
Scheme 5. 1 Sulfonation of polystyrene by acetyl sulfate.
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Experimental
Materials and Methods
Methanol (Aldrich, HPLC grade) was used as received.
1,2-dichlorobenzene (Aldrich, HPLC grade) was used as received.
Sulfuric acid (Fisher, A. C. S. Reagent grade, 98%) was used as received.
Methyl Ethyl Ketone (MEK) (Fisher, HPLC grade) was used as received.
Hydrochloric Acid (Fisher, A. C. S. Reagent grade, 37%) was used as
received.
Acetic Anhydride (Fisher, A. C. S. Reagent grade, 98%) was used as
received.
Phosphorus Pentoxide (Fisher, A. C. S. Reagent grade) was used as
received.
Chloroform (Fisher, HPLC grade) was washed with distilled water at least 6
times to remove the alcohol preservative, dried overnight with P2O5, and then
fractionally distilled from P205 (B. P. = 60.6-61.0 °C).
Acetyl Sulfate. 0.06 mL (1.1 mmol) of sulfuric acid was mixed with 0.16
mL ( 1 .7 mmol) of acetic anhydride in a vial which contained ~ 2 mL of chloroform.
The solution was stirred for 5 min.
Syndiotactic Polystyrene (Mw = 628,000) was obtained from Dow
Chemical.
Pretreatment of Syndiotactic Polystyrene. Ten grams of sPS was
stirred in 1 50 mL of a 2 wt% methanol solution of HC1 for 2 h to remove residual metal
catalyst. The polymer was filtered and dried under vacuum at 70 °C for 2 h, after
which the polymer was subjected to MEK extraction overnight to remove the atactic
component, and then dried under vacuum at 70 °C for 2 h. Five grams of thus purified
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syndiotactic polystyrene was mixed with 150 mL of 1 ,2-dichlorobenzene in a 250 mL
round-bottom flask equipped with a Teflon-coated magnetic stir bar and heated under
reflux (ca. 180 °C) until all the polymer was dissolved (~ 0.5 h). The solution was
cooled to 1 30 °C and precipitated in 3000 mL of cold methanol (cooled with an ice-
water bath). The precipitate was filtered and dried at 70 °C for overnight under
vacuum. To remove the residual 1 ,2-dichlorobenzene, 2 g of thus-prepared sPS was
dissolved in 100 mL of chloroform under reflux (ca. 60 °C). The solution was
precipitated in 2000 mL of cold methanol. The precipitate was filtered and dried under
vacuum at 50 °C for 2 days.
Sulfonation of Syndiotactic Polystyrene. One gram of purified
syndiotactic polystyrene was weighed into a 100 mL three-neck round-bottom flask
equipped with a Teflon-coated magnetic stir bar, a condenser, and a thermometer. The
flask was charged with 50 mL of chloroform, and the solution was gently heated to
reflux (ca. 60 °C) under nitrogen until all of the polymer was dissolved. The solution
was cooled to 50 °C, and acetyl sulfate in chloroform was slowly added. The amount
of acetyl sulfate added was determined by the desired degree of sulfonation. The
solution was maintained at 50 °C for 2 hours. The solution was precipitated in 1000
mL boiling distilled water, and the polymer was then washed with distilled water,
filtered and dried under vacuum at 90 °C for 2 days.
Analytical Techniques
Infrared (IR) spectra were obtained with an 1BM-38 Fourier transform
infrared spectrometer. 256 scans were collected for each spectrum. The band
resolution was maintained at 2 cm" 1 for all measurements. Sample films were cast in
aluminum pans from 1.0 wt% solution in ethylbenzene and dried under vacuum at 1 10
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°C, which is sufficiently high for removal of residual solvent.6 Samples were annealed
in DSC pans under nitrogen purge at 150, 160, 170, 180, 190, and 200 °C.
Differential Scanning Calorimetry (DSC) measurements were taken
using a Dupont 2910 Differential Scanning Calorimeter equipped with a nitrogen purge.
The heating rate was maintained at 20 "C/min. Crystallization and melting temperatures
were defined as the peak maximum or minimum of the exothermic or endothermic
transitions, respectively. The glass transition temperatures were taken as the inflection
of the curves of the step transition in the heat flow. To investigate crystallization
behavior of the various samples which were prepared, the melt-quenched samples were
obtained by heating the samples in the DSC to 300 °C followed by quenching the cell
with liquid nitrogen at a cooling rate of 150 °C/min. The amorphous samples were
prepared by heating the samples to 300 °C under a nitrogen atmosphere and then
quenching into liquid nitrogen.
Elemental Analysis was provided by the Microanalysis Lab at the University
of Massachusetts. Two parallel analyses were performed for each sample.
Results and Discussion
Sulfonation of sPS
In a homogeneous solution, the direct sulfonation of syndiotactic polystyrene
should be identical to that of atactic polystyrene, which is simple and straightforward,
and has been well studied.28 -29 Finding a suitable solvent for sPS which is inert to the
sulfonating agent however, proved to be a difficult task due to the rapid crystallization
of syndiotactic polystyrene. The standard solvent for sulfonation of aPS, 1,2-
dichloroethane, does not dissolve sPS. It has been known that at elevated temperature
(-120 °C, which is well above the Tg of the polymer) sPS is soluble in decalin and in
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some aromatic solvents, such as ethylbenzene, chlorobenzene, and
a-chloronapthalene 4° The aromat,c solvents, however, are reactive to the sulfonating
agent and therefore cannot be used as solvents for sulfonation. A sulfonation attempt
has been made using 1 ,2,4-trichlorobenzene as the solvent, in which the three chlorine
substituents significantly deactivate the benzene ring toward electrophilic attack, and
yielded unsatisfactory results.39 The sulfonation efficiencies reported were around
30%, presumably due to sulfonation of the aromatic solvent used occurring along with
polystyrene. 39
We have adopted a different approach. In our procedure, sPS was first
dissolved in 1 ,2-dichlorobenzene at elevated temperature, and quenched into methanol.
The sPS thus obtained becomes noncrystalline and therefore soluble in chloroform at
60 °C. By using such a non-aromatic solvent, the possibility of sulfonation of the
solvent does not exist, and a higher degree of sulfonation can be achieved. The degree
of sulfonation of the sulfonated syndiotactic polystyrene samples prepared, determined
from elemental analysis, is compared to that calculated from the amount of sulfonating
agent used in the reaction. Conversions of the sulfonation were found to be above
60%. Results are summarized in Table 5.1.
Table 5. 1 Degree of sulfonation ( mole% ) of sulfonated syndiotactic polystyrene
samples prepared: (a) expected from the reaction stoichiometry, (b) that determined
from elemental analysis.
Sample SsPS-1 SsPS-2 SsPS-3
(a) 10% 7% 5%
(b) 6.3% 4.4% 3.4%
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The position of the sulfonate group on the benzene ring of the styrene unit was
determined by infrared spectroscopy. The infrared spectra of a solvent-cast film of
syndiotactic polystyrene and the 4.4 mole% sulfonated syndiotactic polystyrene are
shown in Figure 5.1. Variations in sample thickness were normalized by measuring
the integrated intensities of structurally insensitive bands at 1600 and 1582 cm" 1 . These
two extremely localized bands are assigned to the benzene ring stretching vibrations and
are insensitive to structural changes associated with sulfonation along the chain.41 The
intensity of the band at about 840 cm" 1
,
assigned to CH out-of-plane vibrations for p-
disubstituted benzene41
,
was extremely sensitive to the degree of sulfonation,
suggesting that the sulfonate group must be predominantly in the para- position. This
is expected based on the chemistry of electrophilic aromatic substitution. Since the
neighboring aromatic groups are separated by two backbone carbon atoms, substitution
of one ring should not affect the sulfonation of neighboring rings. Therefore, the
lightly sulfonated samples can be considered random copolymers.
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Figure 5. 1 Infrared spectra of (A) 4.4 mole% sulfonated, and (B) unmodified sPS.
Thermal Analysis of SsPS
Figure 5.2 presents DSC scans for solvent-precipitated samples with
sulfonation levels of 1.4, 3.4, 4.4, and 6.3 mole% as well as one obtained for
unmodified syndiotactic polystyrene. A crystallization exotherm is observed for each
sample. The crystallization temperature increases with increasing sulfonation, starting
at 134 °C for syndiotactic polystyrene and reaching 164 °C for the 6.3 mole%
sulfonated syndiotactic polystyrene. This indicates that the crystallization rates can be
reduced by incorporation of the sulfonated component for a given crystallization
temperature. There is a melting endotherm in the 240-280 °C range for each sample.
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For samples with higher degrees of sulfonate, the enthalpic change at melting
smaller, implying a lower degree of crystallinity.
is
50 100 150 200 250 300
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Figure 5.2 DSC scans of solvent-precipitated sulfonated sPS: (A) 6.3 mole%, (B) 4.4
mole%, (C) 3.4 mole%, (D) 1.4 mole%, and (E) 0 mole%.
Generally, the degree of crystallinity of crystallizable polymer materials can be
estimated by measuring the enthalpic change at melt. The melting enthalpy of highly
crystalline syndiotactic polystyrene has been reported to be 28 J/g.9 Using this value,
all of the solvent-precipitated samples were found to possess a substantial amount of
crystalline structure. Even for materials sulfonated up to 6.3 mole%, the melting
enthalpy was observed to be 13.7 J/g, which suggests that its degree of crystallinity is
still about half that of highly crystalline syndiotactic polystyrene.
For the melt-quenched samples, the crystallization exotherm for the 3.4 mole%
sulfonated syndiotactic polystyrene shifted from 149 °C to 180 °C, while that for 4.4
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mole% sample shifted from 152 °C to 188 °C. For the 1.4 and 6.3 mole% sulfonated
syndiotactic polystyrene samples, however, the crystallization exotherm completely
disappeared. The DSC curves are shown in Figure 5.3. With the presence of the
melting endotherm for 1 .4 mole% sulfonated syndiotactic polystyrene and the near
absence for the 6.3 mole% sample, it can be concluded that the 1 .4% sulfonated
syndiotactic polystyrene crystallized sufficiently fast, forming crystallites either in the
quenching process or during reheating. The 6.3% sample crystallized sufficiently
slowly upon quenching and reheating to form crystallites.
T
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Figure 5.3 DSC scans of melt-quenched sulfonated sPS: (A) 6.3 mole%, (B) 4.4
mole%, (C) 3.4 mole%, (D) 1.4 mole%, and (E) 0 mole%.
DSC measurements for all samples cooled from the melt at 300 °C with a
cooling rate of 2 °C/min are presented in Figure 5.4. Upon increase in
sulfonation, i
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can be seen that the crystallization peak becomes broader and the onset point shifts to a
lower temperature; the 6.3% sample did not apparently crystallize.
100 150 200 250 300
Temperature ( °C)
Figure 5.4 DSC cooling curves of sulfonated sPS with sulfonation of (A) 0 mole%,
(B) 1.4 mole%, (C) 3.4 mole%, (D) 4.4 mole%, and (E) 6.3 mole% from the melt at a
cooling rate of 2 °C/ min.
DSC data, as expected, exhibit a systematic trend of melting temperature
depression with increasing sulfonation. The Tm of neat syndiotactic polystyrene is
around 270 °C, similar to the value previously obtained. 2,9 '42 For the 6.3 mole%
sulfonated syndiotactic polystyrene sample, the Tm decreases to -241 °C. It may
reasonably be assumed that in sulfonated syndiotactic polystyrene, due to the large size
of the substituent group, the sulfonated styrene unit can not be accommodated in the
syndiotactic polystyrene crystalline lattice and resides only in the amorphous region.
These lightly sulfonated syndiotactic polystyrenes are treated as random copolymers
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with a crystallizable component of stereoregular syndiotactic styrene units and non-
crystallizable sulfonated styrene units. The noncrystallizable sulfonated units interrupt
or terminate crystal growth along the molecular chain direction, limiting the size of the
crystallites achievable, and result in a systematic depression of the melting point. A
theory for this kind of model has been developed by Flory.43 The dependence of the
melting point on the concentration of crystallizable units in a random copolymer is
given by
1 1 R
InX
where Tm° is the melting point of the crystalline homopolymer, Tm is that of the
copolymer, AHf is the heat of fusion per mole of homopolymer unit, and Xa is the mole
fraction of the crystallizable units. While the melting temperatures we have measured
are by no means ultimate or equilibrium values, they serve as a valid yardstick for
comparison for a series of samples with the same thermal history. The results of this
approach for the melt-quenched samples are shown in Figure 5.5. The slope of this
straight line gives a AHf of 44 J/g for 100% crystalline syndiotactic polystyrene, which
is in good agreement with the value obtained previously which is 28 J/g for -70%
crystalline sample. The success of this approximation implies that our assumption is
reasonable, that the acid units are not crystallizable and that they reside in the
amorphous region of the copolymer.
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Figure 5.5 Melting point depression of the sulfonated sPS.
The amorphous samples are compared in Figure 5.6. As the degree of
sulfonation increases, T
g
increases from 102 °C for unmodified syndiotactic
polystyrene to 1 10 °C for the 6.3 mole% sulfonated sample. For partially sulfonated
atactic polystyrene, it has been shown that T
g
(measured by a dilatometric technique)
increases linearly up to a styrenesulfonic acid weight fraction of 0.15.44 The T
g
values
at specific chemical compositions reported are higher than the ones we measured for
syndiotactic polystyrenes. For example, in the earlier study, for 4.4 and 6.6 mole%
samples, the Tg 's found were 1 15 and 124 °C, respectively. It was mentioned in the
earlier study that the increase in Tg may also be attributed to the presence of cross-
links.44
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Temperature ( °C)
Figure 5.6 DSC scans of amorphous sulfonated sPS: (A) 6.3 mole%, (B) 4 4 mole%
(C) 3.4 mole%, (D) 1.4 mole%, and (E) 0 mole%.
Our findings for syndiotactic polystyrenes are different from those reported by
Orler and Moore. 39 In their study, for materials containing up to 3.4 mole% sulfonated
units, the Tg changes little with increasing acid content. As discussed previously, the
melting temperature decreases from 27 1 °C for the neat syndiotactic polystyrene to 242
°C for 4.4 mole% sulfonated syndiotactic polystyrene. As proposed above, in
sulfonated syndiotactic polystyrenes the sulfonated styrene units should remain in the
amorphous region. Thus compared with syndiotactic polystyrene, due to strong
interactions between the sulfonate groups, e.g., hydrogen bonding, the mobility of the
polymer chains is reduced, raising Tg in the sulfonated samples. DSC data are
summarized in Table 5.2.
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Ta
!l
leA2 The *erma 1 Properties of the sulfonated syndiotactic polystyrene samoles
rmtphous
hlSt°neS; (a) Solvent
-Precipitated, (b) meCffi (c) P
Sample T
gfC) ACp(J/gK) TX(°C) AHx(J/g) Tm (°C) AHm(J/g)
syndiotactic polystyrene
1.4%
3.4%
4.4%
6.3%
(a) 104 0.15 134 9.3 276 29.0
(b) 103 0.19 0 271 19.3
(c) 102 0.35 154 15.5 271 22.0
(a) 107 0.26 143 5.5 266 20.6
(b) 106 0.20 0 266 19.2
(c) 105 0.32 168 13.4 262 14.4
(a) 105 0.38 149 6.9 260 19.5
(b) 105 0.34 180 11.2 249 14.8
(c) 106 0.39 180 14.0 248 14.3
(a) 107 0.34 152 6.9 255 19.0
(b) 107 0.27 188 9.7 245 11.8
(c) 106 0.42 185 10.6 242 10.2
(a) 110 0.45 164 5.7 245 13.7
(b) 112 0.35 0 241 1.0
(c) 110 0.34 0
IR Study of SsPS Phase Transition
Syndiotactic polystyrene has been reported to possess several crystalline
structures depending on specific crystallization conditions.9
" 12,14
'
16,42,45 "47
It has also
been reported that the stable all-trans phase crystallizes from the melt, while samples
cast from dilute solution generally adopt a TTGG helical structure.9,14 This helical
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chain transforms irreversibly to the all-trans conformation upon drawing or on heating
near 190 °C.9 - 13 Infrared spectroscopy has been applied in characterization of the
crystalline structures as well as characterization of the phase transition of syndiotactic
polystyrene. 9,12,13,46,47 Seveml infrared bands have been assigned for
characterization of different chain conformations. The 548 and 57 1 cm- 1 band and the
934/943 cm- 1 doublet are indicative of the presence of a helical crystalline phase, while
the 1222 cm" 1 band is associated with a long trans sequence.2 -9 ' 12 -45 These band
assignments were used for characterization of the structure of sulfonated syndiotactic
polystyrenes.
Infrared spectra of the solution-cast 4.4 mole% sulfonated syndiotactic
polystyrene film after annealing at 160 and 190 °C are shown in Figure 5.7. The
934/943 cm" 1 doublet and the 571, 548 cm" 1 bands are observed for the film annealed
at 160 °C. For the sample annealed at 190 °C, these features disappear; only the 1222
cm-1 band is present. Thus the sulfonated syndiotactic polystyrene can also possess the
helical and all-trans crystalline structures and the phase transition still exists between
these two structures.
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Figure 5.7. Infrared spectra of 4.4 mole% sulfonated sPS sample (A) annealed at 190
°C for 12 hrs, and (B) annealed at 160 °C for 16 hrs.
The integrated intensity of the trans band at 1222 cm" 1 and the 571 cnr 1 band
assigned to the helical conformation are monitored to follow this transition from the
helical to the all-trans structure. Figure 5.8 plots the 1222 cm-1 band intensity
normalized with respect to the bands at 1600 and 1582 cm-1 for 4.4 mole% SsPS and
sPS as a function of annealing temperature. The transition for the neat syndiotactic
polystyrene around 192 °C is extremely sharp and involves a high degree of
cooperative molecular motion. 13 For the 4.4 mole% sulfonated syndiotactic
polystyrene, the temperature range of this transition is much broader, in the range from
160 to 190 °C. The corresponding normalized intensities of the 571 cm-1 helical band
for the 4.4 mole% SsPS are plotted in Figure 5.9, showing the same transition
observed with respect to the diminishing of the helical phase. The broadened transition
temperature range has been observed for all sulfonated samples. This implies that the
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molecular motion is less cooperative and the energy barrier for this transition is lower
than that of syndiotactic polystyrene, consistent with the idea proposed above that the
crystal dimension along the polymer chain direction is smaller for sulfonated
syndiotactic polystyrene.
Temperature(°C)
Figure 5.8. Normalized integrated intensity of the 1222 cm-1 band measured for
samples annealed at long times at various temperatures for sPS and 4.4 mole% SsPS.
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Figure 5.9. Normalized integrated intensity of the 571 cnr 1 band measured for
samples annealed at long times at various temperatures for 4.4 mole% SsPS.
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Conclusions
In this study, we have demonstrated the possibility of sulfonating highly
stereoregular syndiotactic polystyrene. Sample solubility is a most important
experimental parameter. By reducing the degree of crystallinity of the as-prepared
sample, we found it possible to dissolve syndiotactic polystyrene in the nonaromatic
solvent chloroform. Using such a solvent, the sulfonation procedure can be controlled
and conducted to a higher level than previously reported. In this study, we have also
found that the crystallization behavior of syndiotactic polystyrene can be altered
significantly by sulfonation. Similar to the unmodified sample, both the all-trans and
helical chain conformations were observed for the semicrystalline sulfonated samples.
The degree of crystallinity and the melting temperature are significantly lowered by the
presence of the sulfonate groups. The glass transitions are increased as well.
Crystallization rate is much slower in comparison to the unmodified sample. The
mechanical properties of this highly ordered polymer are dependent on the mechanisms
of deformation available to their structure, which, in turn, are related to morphological
features such as degree of crystallinity, connectivity of crystals by amorphous chains,
size (thickness and lateral dimension of lamellae) and perfection of crystallites, and their
participation in the superstructure. Therefore, the ability to control morphology
formation allows for the possibility of achieving improved mechanical performance of
syndiotactic polystyrene.
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APPENDIX
SURFACE ANALYSIS DATA FOR BLENDS OF END-FUNCTIONALIZED PEOS
Table A. 1 The XPS atomic composition of the surface of 3KPE02F/3KPEO blends cast
from chloroform solution annealed at 75°C for 2 h prior to acquisition. (Sensitivity
factors: Fi s , 1.000; Ci s , 0.201; Oi s , 0.540.)
PEOF 15° Take-Off Angle 75° Take-Off Angle
wt% C% 0% F% C% 0% F%
Batch #1 (8/10/95)
100.0 45.93 17.91 36.17 52.46 25.25 22.29
30.23 46.04 18.94 35.01 52.50 25.32 22.19
11.89 45.14 17.87 36.98 jZ.oj 24.99 22.18
1.960 50.82 23.88 25.30 jy. /U 1 O Ql1 Z.O /
1.020 53.21 25.37 21.43
cn
D / .VO 1 1 .V O
0.203* 61.28 30.77 7.94
0.0504 62.65 31.10 6.25 10 QA 9 Q7
0.0200 63.97 32.90 3.13 65.22 33.16 1.62
0.00483 71.11 28.22 0.67
Batch #2 (8/28/95)
17.577.17 49.07 22.69 28.24 55.09 27.34
0.455 53.96 26.10 19.93 58.69 31.22 10.09
0.155 57.82 28.77 13.42 62.59 31.86 5.55
0.0313 63.20 31.44 5.35 65.29 33.22 1.49
0.0158 64.07 33.18 2.75 65.92 32.90 1.18
0.00953 64.78 34.12 1.10
0.00687 65.20 33.92 0.88
As cast film acquired on new instrument
20.32 29.93100.0 43.98 13.89 42.13 49.75
42.96 14.21 42.83 49.44 20.28 30.28
42.64 13.60 43.76 49.30 20.96 29.74
52.0 45.05 13.62 41.33 50.11 19.87 30.02
* Si peaks observed in 1 5° survey (but not in 75° survey), therefore
the 1
5
composition was discarded.
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Table A.2 The XPS atomic composition of the surface of 8KPE02F/8KPEO blends cafrom chloroform solution. (Sensitivity factors: Fi s , 1.000; Ci s , 0.201; Oi s , 0.540.)
PEOF
wt%
15° Take-Off Angle 75° Take-Off AhpIp.
C% 0% F% C% 0% F%
100.0 49.44 20.69 29.87 52.74 25.78 21.48
42.3 47.35 21.63 31.02 52.96 26.38 20.65
29.2 49.59 21.72 28.68 53.67 26.48 19.86
1.71 51.85 25.09 23.05 56.65 28.73 14.62
0.350 57.65 29.32 13.04 61.39 32.42 6.19
Table A.3 The XPS atomic composition of the surface of 8KPE02F/8KPEO blends cast
from chloroform solution annealed at 75°C for 2 h prior to acquisition. (Sensitivity
factors: Fi s , 1.000; Ci s, 0.201; Oi s , 0.540.)
PEOF 1 5° Take-Off Anele 75° Take-Off Angle
WL /O /O I /V V /V r 10
Batch #1 (7/17/95)
100.0 50.44 20.77 28.79 52.32 27.50 20.18
ic\ o ai cn L\j, 1 \) ^ 1 Q7J 1 .7 / 53.68 26.35 1 Q Q7
^0 0 48 n 20 83 31 04 53 61 26 46 19 93
30.0 49.21 21.59 29.20 52.49 25.95 21.56
20.0 48.43 21.77 29.40 53.03 26.27 20.69
10.0 48.50 21.27 30.23 53.68 25.59 20.74
4.76 48.82 21.22 29.96 54.51 26.55 18.94
Batch #2 (8/2/95)
11.230.584 52.59 27.40 20.01 55.97 32.80
0.0604 62.20 30.09 7.71 64.05 32.42 3.53
0.0302 64.22 31.15 4.63 65.81 31.92 2.27
0.00604 66.38 32.72 0.90 65.89 33.80 0.31
Batch #3 (8/27/95)
29.00 13.931.27 50.82 23.94 25.25 57.06
0.323 55.48 27.32 17.20 60.59 31.73 7.68
0.118 58.87 29.82 11.31 63.35 32.32 4.33
0.0435 63.97 31.82 4.20 65.80 32.65 1.55
0.0175 67.77 31.15 1.08
Batch #4 (8/27/95)
1.800.0502 68.25 29.95
0.0249 66.44 31.63 1.94
0.0166 66.68 32.35 0.97
0.00784 66.71 32.97 0.32
Batch #5 (8/29/95)
60.90 32.240.493 58.13 28.61 13.26
6.86
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0.194 59.60 29.52 10.89 62.78 32.15 5.07
0.0968 62.74 31.61 5.65 64.04 3.72 2.25
0.0581 63.97 32.30 3.73 64.81 33.82 1.37
Batch #6 (8/29/95)
0.0482 62.72 31.53 5.75 64.21 33.33 2.46
0.0318 64.77 3? 10 J. 1 J Aft 33.66 1.25
0.0157 66.00 32.21 1.79
0.00894 66.93 32.04 1.03
0.00596 65.51 33.78 0.72
Batch #7 (8/30/95)
0.0733 64.73 32.01 3.26 64.98 33.60 1.41
0.0354 65.07 32.92 2.01 65.23 34.06 0.72
0.0232 65.99 32.59 1.42
0.0162 68.20 30.56 1 24
0.0114 66.06 32.98 0.96
0.00906 66.63 32.87 0.50
0.00671 66.80 32.76 0.44
As cast film acquired on new instrument
100.0 46.29 16.38 37.33 50.19 23.99 25.82
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Table A.4 The XPS atomic composition of the surface of 15KPE02F/ 15KPEO blends
Z^t^c^uSfiSfi? for 2 h prior t0—
PHOF
wt%
15° Take-Off Anple 75° Take-Off Anole
not, \J /o r v/c c% 0% F%
100.0 Al 99*T / .ZZ 9 1 77Z 1 . 5 1 J 1 .4
1
68.0 AR 9H QQ 1(\ AO50Ao 53.40 27.24 19.35
36.1 Af\ 9R Id 1 7ZU. 1 / 55. jd 52.69 27.23 20.09
22.8 RA 1 Q 7H17. / U 7/1 /IA 53.08 27.07 19.85
10.6 Af\ 9H 79ZU. / z 70 7C 54.54 27.00 18.46
5.35 50.82 23.33 25.86 56.73 29.63 13.65
3.31 51.24 23.96 24.80 57.42 29.42 13.17
1 ^1 A
1.74 54.70 25.58 19.72 <0 A/1 1 (\ C\f\30.90 9.46
0.705 55.42 27.35 17.23 3 1 .54 8.37
0.355 59.30 28.25 12.45 61.98 31.97 6.05
0.174 62.26 30.80 6.94 63.26 33.64 3.11
0.0880 65.16 32.60 2.24 64.24 35.05 0.71
0.0530 65.13 32.36 2.51
0.0358 64.98 33.35 1.67 66.46 33.0 0.48
0.0179 65.92 33.11 0.97
0.0108 66.63 32.45 0.92
As cast film acquired on new instrument
100.0 50.09 19.13 30.78 53.56 24.65 21.79
46.0 49.08 19.02 31.90 53.00 23.98 23.03
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Table A.5 The XPS atomic composition of the surface of 21KPE02F/21KPEO hlenH,
cast from chloroform solution. (Sensitivity factors: F ls , 1.000; C ls 0 201 O,
0.540.) (Elemental analysis data for 21KPE02F - C 53 86%- H 9 p 'i rw
corresponds to 30. 1 % chain end conversion.) ' ' ' F ' 1 °% - Th,S
PE°F 15° Take-Off Angle 75° Take-Off Anal.
-5*1% £% 0% F% q% F«f
Batch #1 (8/17/95)
— E1^L-
50.0 54.58 26.28 19.14 59.20 30 77 10 03
22.7 53.99 27.25 18.76 59 35 31 98
12.4 56.23 27.92 15.85 60.91 3203
4.18 56.61 29.39 14.00 6107 32 64
2.05 60.33 30.82 8.85 62.65 33 96
0.404 65.24 32.48 2.28 64.55 34*55
Batch #2 (8/21/95)
100.0 53.52
38.6 53.44
17.6 55.81
8.23 58.18
1.06 63.58
8.67
7.06
6.30
3.39
0.91
26.39 20.09 57.75 29.62 12.63
27.14 19.42 59.51 30.70 9.79
27.67 16.53 59.84 32.50 7.66
29.23 12.60 60.85 32.98 6.17
31.66 4.76 64.99 33.12 1.90
Table A.6 The XPS atomic composition of the surface of 21KPE02F/21KPEO blends
cast from chloroform solution annealed at 75°C for 2 h prior to acquisition. (Sensitivity
factors: F ]s , 1.000; Cj s , 0.201; Oi s , 0.540.)
PEOF 15° Take-Off An ele 75°Take-Off Anele
wt% C% 0% F% C% 0% F%
Batch #1 (8/17/95)
100.0 49.09 22.44 28.48 55.25 29.44 15.31
40.4 49.40 21.55 29.05 55.50 29.22 15.28
10.4 48.22 23.00 28.77 55.66 29.44 14.90
3.12 52.06 25.54 22.40 59.13 30.11 10.76
0.97 59.74 31.82 8.44 61.75 34.59 3.66
0.191 63.21 33.33 3.47 64.63 33.89 1.48
Batch #2 (8/21/95)
65.5 49.24 22.08 28.68 56.20 29.61 14.19
22.5 47.95 21.98 30.07 56.96 28.44 14.60
6.38 48.59 22.66 28.76 56.62 29.25 14.12
1.90 56.57 26.78 16.65 61.65 31.68 7.17
0.51 66.56 28.34 5.10 64.83 33.13 2.04
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Table A.7 The contact angle measured using hexadecane (27.6 dyne/cm) for the
surfaces of 8KPEO and a 8KPE02F/8KPEO blend (10% 8KPE02F).
Sample As Cast After Annealed at 75 °C 7h
A J,,Adv. Rec. Adv. Rec.
12 0 10 0
9 0 10 0
i i1
1
yj 1
1
0
10 0 10 0
Average 10.5 0 10.3 0
Blend
46 29 46 28
45 26 46 27
47 25 48 30
46 27 46 27
Average 46.0 26.8 46.5 28.0
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Table A.8 The XPS atomic composition of the surfaces of 16KPEOF films annealed atWctS^t&f8 prior ,0 acqu 'sUion - (Sens,tivlty teore:
Condition 15°Take-Off Anple 75° Take-Off AnaipC% 0% F% V_- /V r%
as cast 52.22 20.65 27.13 56.31 26 63 1
7
1 / .wo
70 °C
60 min An i o 1 J.OJ 36.96 56.27 25.03 18.70
140 min 46.12 14 82 39 06 jj.j i 24. /3 19.754h 45.71 14.75 39.54 55.67 25 54 1 R 7R1 o. / o6h 45.43 13.72 40.84
12 h 45.10 14.55 40.34 54.85 25.26 19.89
20 h Af^AA40.44 1 O.jV 36.97 51.98 24.03 23.99
OA °S~i80 C
30 min 4j. /
D
1 1 CA
1 j.jv 40.76 55.61 25.52 18.88
60 min 45.76 16.28 37 96 ZJ. / o 1 O.Z /
2h 47.30 16.13 36.57 56.90 25.75 17.35
lOh 44.99 14.03 40.98 56.05 24.75 19.21
90 °C
1 h 47.27 14.86 37.87 56.46 26.67 16.87
100 °C
1 h 47.49 15.48 37.07 57.52 26.70 15.79
110 °c
40 min 48.09 15.74 36.16 56.73 26.85 16.42
70 °C 4 h then 90 °C 1 h
46.30 13.81 39.90 55.24 25.70 19.07
70 °C 4 h then 90 °C 5 h
46.64 14.95 38.41 56.22 26.11 17.67
70 °C 10 h then 90 °C 8 h
46.59 14.66 38.75 55.99 24.92 19.08
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Table A.9 The XPS atomic composition of the surfaces of 8KPE02F/8KPEO hlenH
w*%58&£& xps prior to acqu,sition - (S—*SiSL
PEOF Annealing
wt% Time
15°
C%
Take-Off Anple
0% F<&
i on n as cast 46 99 16.38 37.33
i on n
1 uu.u ho mm 43 4S 1 C AC15.45 41.10
43 44 13.91 AIM
54.3 45 min 43 97 15.18 41.55
OA miny\j min 43.93 1 5.24 40.83
99 7 mo min 44.31 15.53 40.16
1 A 7 9 hz n 45 63 1 1 .33 37.04
1 u.u ho min 46 15 1 6.6U 37.25
u.oo 9 h— ii 49 44 1 Q /to 32.0/
J. lo m-j min 48 62 1 O CMI o.94 32.44
5.07 45 min 49 17 18.47 32.36
5.05 2h 51 32 21.00 27.68
5.03 9h 51.02 21.51 27.47
1.80 7.5 h 60.39 26.73 12.88
0.92 12 h 63.20 28.33 8.47
0.67 12 h 63.86 27.82 8.31
0.48 7.5 h 62.75 28.02 9.24
0.19 2h 63.89 28.18 7.93
7.5 h 64.93 30.67 4.39
10.5 h 65.94 30.06 4.00
75° Take-Off Angle
C% 0% F%
50.19 23.99 25.82
53.82 24.25 21.93
53.38 25.11 21.50
53.39 25.31 21.30
53.56 26.77 19.67
55.16 26.49 18.35
55.08 28.32 16.60
57.21 28.26 14.53
59.10 29.43 11.47
59.85 29.40 10.75
60.30 29.26 10.44
59.14 30.42 10.44
61.25 29.53 9.22
64.27 31.95 3.78
66.30 32.37 1.33
65.30 33.22 1.49
64.77 33.17 2.06
65.69 33.27 1.04
65.63 33.64 0.74
66.80 32.63 0.56
Table A. 10 The XPS atomic composition of the surfaces of 3KPE02F/3KPEO blend
melts annealed at 90 °C in-situ in XPS prior to acquisition. (Sensitivity factors: Fi s ,
1.000; Cis, 0.250; 0] s , 0.660.)
PEOF Annealing
wt% Time
15° Take-Off An gle 75° Take-Off Angle
C% 0% F% C% 0% F%
100.0 as cast 42.96 14.21 42.83 49.44 20.28 30.28
42.64 13.60 43.76 49.30 20.96 29.74
100.0 45 min 44.23 13.09 42.68 52.48 22.91 24.61
69.1 45 min 43.18 13.00 43.82 52.39 23.84 23.77
37.4 45 min 44.37 15.61 40.02 53.67 24.85 21.47
10.4 2h 47.47 17.22 35.31 57.52 27.55 14.93
3KPE02F/ 15KPEO Blend
50.2 2 h 44.89 14.14 40.97 52.45 24.03 23.52
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Table A.l 1 The XPS atomic composition of the surfaces of ,5KPE02F7 I5KPEO hlpnH
Q!!a25
n
0; ol i
m
0.660
n
)
Xt>S Pri°r
'°
aCqUiSiti°n
'
<SenS" iVi,y faC,ors:^ K000;
PEOF Annealing
wt% Time
100.0 %
as cast
70 °C 12 h
80 °C 2 h
90 °C 45 min
100 °C 45 min
110°C 45 min
90 °C
100.0 45 min
77.7 45 min
59.2 45 min
34.2 45 min
10.3 2h
5.72 4h
1.96 12 h
c%
15° Take-Off Ang le.
0% F%
48.83
44.49
44.87
45.33
46.01
46.56
45.33
45.17
46.08
46.24
49.44
51.67
56.74
I5KPE02F/ 1KPEO Blend
50.2 1 h 46.42
19.77
15.09
14.64
15.41
15.89
16.98
31.41
40.42
40.50
39.26
38.10
36.46
75" Take-Off AjgjgC% 0% f%
53.62
54.46
55.58
55.15
55.57
56.55
24.45
25.19
24.87
25.34
26.27
26.24
21.93
20.35
19.55
19.51
18.16
17.21
15.41 39.26 55.15 25.34 19.51
16.01 38.82 54.82 26.53 18.65
16.54 37.38 55.54 27.09 17.38
16.45 37.31 57.78 27.88 14.34
19.78 30.78 60.54 29.71 9.75
22.44 25.89 62.26 30.34 7.40
24.98 18.28 63.33 31.98 4.78
16.94 36.64 55.79 27.53 16.68
Table A. 12 The XPS atomic composition of the surfaces of 16KPEOF/ 16KPEO blend
melts annealed at 90 °C in-situ in XPS prior to acquisition. (Sensitivity factors: Fi s>
1.000; Cis, 0.250; 0 !s , 0.660.)
PEOF Annealing 15° Take-Off Angle 75° Take-Off Angle
wt% Time C% 0% F% C% 0% F%
100.0 1 h 47.27 14.86 37.87 56.46 26.67 16.87
85.6 45 min 46.13 15.87 38.01 56.85 26.09 17.05
71.0 45 min 46.42 15.69 37.89 56.68 27.12 16.20
37.5 45 min 47.45 17.19 35.36 59.82 29.41 10.78
20.2 45 min 51.70 21.26 27.03 61.38 32.52 6.10
9.86 2h 61.75 29.80 8.45 64.47 34.02 1.51
5.43 4h 65.15 29.54 5.31 66.24 33.46 0.30
2.77 12 h 67.62 30.90 1.48
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Table A. 13 The XPS atomic composition of the surfaces of 2KPEOF/2KPEO blend
fnnnT6alndo?A90n C^ ? XPS pri°r t0 acclulsition - (Sensitivity factors: F ls .1.000; Cis, 0.250; Oj s , 0.660.)
PEOF Annealing
wt% Time
15° Take-Off Angle 75° Take-Off AhpIp.
C% 0% F% C% 0% F%
100.0 45min 45.16 15.83 39.01 53.28 24.95 21.77
80.4 45 min 45.85 16.47 37.68 54.48 24.74 20.78
59.8 45 min 44.96 15.36 39.68 53.84 25.12 21.04
40.4 45 min 45.33 15.00 39.67 53.53 25.40 21.07
21.8 45 min 50.25 21.01 28.74 57.62 27.79 14.59
Table A. 14 The XPS atomic composition of the surfaces of 1 6KPEOF/dPMMA blend
(film thickness 8 |im) cast from chloroform solution. (Sensitivity factors: Fi s , 1.000;
Cis, 0.250; Ois, 0.660.)
PEOF Annealing
wt% Time
15° Take-Off Anele 75° Take-Off Ansle
C% 0% F% C% 0% F%
As cast film
72.9 50.60 15.84 33.56 56.50 26.17 17.33
36.0 53.21 19.50 27.29 59.24 26.78 13.99
25.6 62.61 22.04 15.35 68.01 26.83 5.16
11.9 71.97 25.02 3.02 72.76 26.42 0.82
Annealed at 1 10 °C in vacuum oven
25.6 4.75 h 52.62 20.87 26.51 59.19 30.06 10.75
4 days 72.69 26.56 0.75
12.2 4.75 h 67.96 24.65 7.39 70.60 27.29 2.11
9h 68.50 25.10 6.40 71.13 27.05 1.81
21 h 72.72 23.75 3.54 72.35 26.55 1.11
48.5 h 71.88 25.27 2.85
4 days 71.66 27.83 0.51
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